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ABSTRACT 


A research  study  was  conducted  to  develop  active  flutter  suppression  wind 
tunnel  testing  technology.  A one-thirtieth  scale  B-52  aeroelastic  model  was 
modified  to  represent  the  Control  Configured  Vehicles  (CCV)  B-52  flight  test 
airplane  with  an  active  flutter  mode  control  system  (FMCS).  The  system  was 
mechanized  on  the  model  using  electromechanical  actuation  systems  for  the 
scaled  CCV  airplane  outboard  aileron  and  flaperon  outboard  segment  control 
surfaces.  The  model  was  tested  in  the  NASA-Langley  Transonic  Dynamics  Tunnel 
to  evaluate  the  unaugmented  model  flutter  characteristics  and  performance  of 
the  flutter  mode  control  system.  Test  results  were  compared  with  model  ana- 
lytical results  and  CCV  program  flight  test  results  for  equivalent  weight  and 
altitude  conditions.  The  model  flutter  speed,  in  airplane  scale,  is  8.1  per- 
cent higher  than  the  airplane  flutter  speed,  less  than  1 .0  percent  higher  than 
the  predicted  difference.  Flutter  mode  damping  with  the  FMCS  engaged  is  higher 
on  the  model  than  on  the  airplane,  but  the  damping  trends  with  increasing  air- 
speed are  similar.  The  guod  agreement  attained  between  model  and  airplane  test 
results  demonstrates  that  dynamically  scaled  models  can  be  used  to  verify 
analytical  methods  used  to  design  active  flutter  mode  control  systems. 
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1.0 


INTRODUCTION 


1.1  Background 

In  recent  years  airframe  design  trends  have  led  to  vehicles  with 
increased  flexibil ity,  slenderness  ratio,  and  maximum  operating  speeds,  result- 
ing in  an  increased  1 ikel ihood  of  flutter  within  the  desired  aircraft  operating 
envelope.  Preliminary  design  trades  performed  by  Boeing  indicate  that  weight 
increases  of  as  much  as  2 to  4 percent  of  total  structural  weight  may  be  re- 
quired to  provide  flutter  safety  margins.  Such  weight  increases  are  significant 
in  modern  aircraft  from  the  standpoint  of  reducing  performance.  The  flutter 
problem  is  further  compounded  on  tactical  aircraft  with  external  stores,  par- 
ticularly when  many  combinations  of  stores  are  considered,  and  speed  restric- 
tions are  frequently  necessary  to  assure  adequate  flutter  margins  of  safety. 

Within  the  last  ten  years  control  systems  that  suppress  low  fre- 
auency  structural  modes  have  evolved  from  analytical  feasibility  studies  to 
production  hardware.  An  example  is  the  B-52  ECP  1195  system  which  reduces 
structural  fatigue  damage  rates  and  peak  loads  in  the  B-52G  and  H fleet.  As 
a result  of  this  new  technology  base,  an  active  flutter  suppression  system  is 
now  feasible,  offering  the  potential,  in  many  instances,  for  solving  flutter 
problems  with  significantly  less  weight  and  fewer  performance  penalties. 

In  July  1971,  the  Air  Force  initiated  a program  with  The  Boeing 
Company,  Wichita  Division,  to  conduct  a Control  Configured  Vehicles  study  on  a 
B-52E  test  airplane.  This  program  was  formulated  to  evaluate  several  advanced 
flight  control  concepts,  including  active  flutter  mode  control,  through  analyses 
and  flight  tests. 

Although  analytical  techniques  are  available  for  design  of  active 
flutter  suppression  systems,  complementary  aeroelastic  model  wind  tunnel  test 
data  is  needed  to  guide  the  airframe  and  system  design  and  to  supplement  ana- 
lytical techniques  for  establishing  flight  safety.  Development  of  aeroelastic 
modeling  technology  with  active  controls  is  important  in  reducing  technical 
risks  in  future  aircraft  applications  and  in  ensuring  full  realization  of  the 
benefits  of  active  flutter  control. 

The  wind  tunnel  model  used  on  the  flutter  suppression  study  reported 
heroin  was  an  aeroelastic  model  modified  by  Boeing-Wichita  to  represent  the  CCV 
program  B-52E  flight  test  aircraft  with  a flutter  mode  control  system.  This 
aeroelastic  model  was  of  a B-52E  airplane  and  was  provided  under  a research 
study  in  1968  by  the  NASA  Langley  Research  Center  Aeroel asticity  Branch  to  de- 
monstrate active  control  of  the  model's  symmetric  gust  response.  The  model  is 
dynamicallyscaled  over  the  frequency  range  of  0 to  25  Hz,  which  includes  nine 
symmetric  vibration  modes.  The  model  included  active  control  systems  for  ail- 
erons, elevator  and  horizontal  stabilizer  trim.  In  1970,  NASA-Langley  conducted 
basic  model  gust  response  tests  with  the  control  system  inoperative.  Since  1970 
Boeing-Wichita  has  provided  technical  support  to  the  current  NASA-Langley  re- 
search program  directed  toward  demonstration  of  active  control  systems  on  the 
B-52  model.  The  CCV  horizontal  canards  and  full  three  segment  flaperons  were 
added  to  the  model  for  a ful 1 -fuselage  ride  control  system  to  be  tested  under 
the  NASA  program. 


1.2 


Program  Objectives 


The  NASA  B-52  model  provided  a unique  opportunity  for  a program  to 
significantly  advance  wind  tunnel  testing  technology  by  interfacing  with  the 
related  Air  Force  and  NASA  programs.  The  objectives  of  this  program  were  to 
determine  compatible  flutter  configurations  for  the  model  and  airplane,  accom- 
plish appropriate  wind  tunnel  and  flight  testing  to  establish  basic  vehicle 
flutter  characteristics  and  flutter  mode  control  system  performance,  and  com- 
pare test  results  to  establish  the  degree  of  correlation  between  model  and 
airplane,  and  analytical  results.  Thus,  the  program  was  formulated  to  develop 
and  demonstrate  wind  tunnel  model  technology  for  active  flutter  suppression. 
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2.0 


SUMMARY 


Equivalent  flutter  conditions  that  could  be  tested  on  the  B-52 
aeroelastic  model  and  the  CCV  program  B-52  test  airplane  were  determined  through 
structural  analyses.  The  flutter  configuration  used  the  CCV  airplane  ballasted 
external  wing  fuel  tanks  in  a 375,000  pound  gross  weight,  21,000  feet  altitude 
condition.  The  airplane  without  flutter  mode  control  was  predicted  to  flutter 
at  422.2  Knots  True  Airspeed  (KTAS).  The  model,  with  outboard  nacelle  struts 
modified  to  better  simulate  the  airplane  struts,  was  predicted  to  flutter  at 
452.4  KTAS,  in  airplane  scale,  only  7.2  percent  higher  than  the  airplane  pre- 
dicted flutter  speed. 

A flutter  mode  control  system  (FMCS)  was  synthesized  under  the  CCV 
program  for  flight  tests  at  the  three  CCV  fuel  configurations  (see  Reference  2) 
to  produce  at  least  a 30  percent  increase  in  flutter  placard  airspeed  and  sat- 
isfy ±6  db  gain  and  ±60  degrees  phase  stability  margins.  This  system  was  eval- 
uated on  model  equations  of  motion  to  determine  suitability  of  the  system  for 
the  model  wind  tunnel  tests.  Results  of  the  evaluation  showed  performance  of 
the  system  on  the  model  similar  to  that  predicted  for  the  system  on  the  airplane. 

The  model  was  modified  to  the  375,000  pound  configuration  with  out- 
board aileron  and  flaperon  outboard  segment  surfaces  mechanized  with  electro- 
mechanical actuation  systems.  Wind  tunnel  tests  were  conducted  in  the  NASA- 
Langley  Transonic  Dynamics  Tunnel  to  establish  the  unaugmented  model  flutter 
speed  and  FMCS  performance  for  the  nominal  system  and  with  FMCS  gain  and  shaping 
filter  variations.  Results  of  the  wind  tunnel  tests  and  CCV  flight  tests  for 
comparable  airplane  gross  weighty  and  altitude  conditions  are  summarized  in  the 
plots  of  flutter  mode  damping  (g  = 2c,)  and  frequency  as  functions  of  velocity 
shown  in  Figure  1. 

The  basic  airplane  flutter  speed  is  455.6  KTAS,  about  7.9  percent 
higher  than  predicted,  while  the  model  flutter  speed  is  492.3  KTAS,  in  airplane 
scale,  8.8  percent  higher  than  predicted.  This  shows  the  comparison  of  the 
model  to  its  equations  of  motion  is  almost  identical  to  the  comparison  of  the 
airplane  with  its  mathematical  model.  The  basic  model  flutter  mode  damping  is 
about  twice  the  basic  airplane  flutter  mode  damping  for  airspeeds  below  380 
KTAS,  which  is  consistent  with  its  8.1  percent  higher  flutter  velocity. 

Damping  of  the  airplane  flutter  mode  with  the  FMC  system  on  is  about 
.046  at  the  unaugmented  airplane  flutter  speed.  At  the  highest  airspeed  tested, 
473.8  KTAS  (353  KCAS),  the  flutter  mode  damping  measured  in  the  airplane  flight 
tests  was  about  .045.  Damping  of  the  model  flutter  mode  with  the  FMCS  engaged 
is  about  .080  at  the  unaugmented  model  flutter  speed,  and  the  higher  speed  con- 
ditions tested  show  damping  increasing.  Over  the  common  range  of  equivalent 
airspeeds  that  the  model  and  airplane  were  tested  with  the  FMCS  engaged,  the 
model  flutter  mode  damping  is  nearly  70  percent  higher  than  the  airplane  flutter 
mode  damping.  But,  the  damping  trends  with  increasing  airspeed  are  similar. 

The  good  agreement  attained  between  the  model  and  airplane  test  re- 
sults demonstrates  the  validity  of  using  dynamically  scaled  models  to  verify 
analytical  methods  used  to  design  active  flutter  mode  control  systems.  Thus, 
wind  tunnel  test  models  can  be  used  in  the  development  of  CCV  concepts  to  assure 
flight  safety  and  more  fully  exploit  the  benefits  of  such  active  systems  on 
advanced  aircraft. 
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Figure  1.  Flutter  Mode  Damping  and  Frequency-Model  and 
Airplane  Test  Results  Comparison 
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Extending  results  of  this  study  to  other  CCV  systems  and  other 
aircraft  will  require  development  of  additional  technology.  For  example,  to 
more  accurately  model  airplane  control  surface  actuation  system  dynamic 
characteristics,  electrohydraul ic  actuation  systems  will  be  required  for  the 
model  control  surfaces . This  will  require  an  on-board  hydraulic  power  supply 
designed  specifically  for  model  use.  New  model  mount  systems  need  to  be 
developed,  or  existing  ones  modified,  to  permit  a more  exact  representation 
of  airplane  rigid  body  dynamic  behavior,  especially  for  testing  CCV  systems 
that  control  rigid  body  modes.  Improvement  is  also  needed  in  model  testing 
techniques  to  provide  more  accurate  means  to  estimate  modal  damping  character- 
istics from  the  subcritical  test  responses  required  for  correlation  with 
analytical  results. 
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3.0 


MODEL  CONFIGURATION 


The  NASA  one-thirtieth  scale  B-52  aeroelastic  model  was  designed 
to  represent  the  B-52E  airplane  AF56-632  in  a 419,000  pound  equivalent  gross 
weight  condition.  This  test  airplane  was  subsequently  selected  as  the  test 
vehicle  to  demonstrate  new  active  control  concepts  under  the  Control  Configured 
Vehicles  (CCV)  program.  Thus,  the  NASA  model  was  the  logical  choice  for  a test 
vehicle  to  develop  CCV  concept  evaluation  techniques  through  wind  tunnel  test- 
ing. A flutter  configuration  was  defined  for  the  model  that  was  compatible 
with  the  CCV  airplane  at  a higher  gross  weight  condition  than  originally 
planned  for  the  CCV  program,  but  within  the  flight  envelope  of  the  airplane. 

The  higher  gross  weight  condition  was  necessary  because  of  limitations  in  re- 
ducing model  weight.  The  CCV  contract  was  amended  to  add  flight  tests  at  this 
condition  (Fuel  Configuration  3)  to  obtain  additional  flight  data  for  the  CCV 
concepts,  including  flutter  mode  control,  at  off-design  conditions,  to  demon- 
strate that  the  concepts  were  operationally  practical. 

The  following  sections  discuss  the  development  of  the  model  and 
equivalent  airplane  test  configurations.  Included  are  discussions  of  the 
model  characteristics,  results  of  vibration  and  flutter  analyses  to  establish 
the  model  and  airplane  structural  compatibility,  and  model  modifications  per- 
formed to  give  the  compatibility  and  to  add  the  CCV  airplane  control  surfaces 
required  for  the  flutter  mode  control  system  (FMCS). 

3.1  Model  Background 

The  B-52  aeroelastic  model  was  constructed  in  1968  to  Boeing  spec- 
ifications (Reference  3)  to  simulate  the  B-52E  test  airplane  in  a 5400  foot 
altitude  condition  for  low  speed  gust  response  testing  in  the  Langley  Tran- 
sonic Dynamics  Tunnel.  The  model  is  dynamically  scaled  over  the  frequency 
range  0 to  25  Hz,  which  includes  nine  symmetric  vibration  modes. 

Model  scale  laws  were  developed  by  choosing  the  one-thirtieth  geo- 
metric scale  factor  and  requiring  model  and  airplane  Froude  numbers  and  mass  ratios 
to  be  equal.  Table  I contains  a listing  of  the  model  scale  factors.  The  model 
density  shown,  .00499  slug/ft^,  is  equivalent  to  a 21,000  foot  airplane  flight 
condition.  The  model  has  a wing  span  of  74  inches  and  weigh  cl  63.2  pounds  in 
the  design  condition.  Model  stiffness  was  provided  by  aluminum  alloy  fuselage 
and  wing  spars  which  were  covered  with  flexible  segmented  pod  fairings  to  pro- 
vide the  correct  aerodynamic  contour.  The  model  was  designed  to  use  the  NASA 
two-cable  mount  system,  with  the  pulleys  located  on  the  tunnel  walls,  ceiling 
and  floor.  The  forward  cable  lies  in  a vertical  plane,  and  the  aft  cable  in 
a horizontal  plane.  Both  cables  terminate  at  a mount  block  in  the  model 
fuselage  near  the  center  of  gravity. 

Electromechanical  position  servo  systems  were  included  in  the  model 
to  drive  scaled  B-52E  airplane  midspan  aileron  and  elevator  control  surfaces. 
Individual  actuation  systems  were  used  for  right  and  left  hand  ailerons  to 
permit  using  differential  ailerons  for  model  roll  trim  control  in  the  tunnel. 
Pitch  trim  control  was  provided  by  a d.c.  gear  reduction  motor  driving  the 
horizontal  stabilizer  through  a jack  screw  mechanism.  Permanent  magnent, 
brushless  d.c.  torque  motors  and  d.c.  servo  potentiometers  used  in  the  aileron 
and  elevator  actuation  systems  were  mounted  in  the  model  fuselage  with  torque 
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TABLE  I:  MODEL  SCALE  FACTORS 


transmitted  to  the  surfaces  through  shafting  and  crank-pushrod  linkages.  Flex- 
ible bellows  couplings  were  used  in  the  aileron  shaft  runs  to  minimize  changes 
in  wing  stiffness. 


3.2  Vibration  and  Flutter  Analyses 

Structural  analyses  were  conducted  to  define  a model  configuration 
representative  of  the  CCV  program  B-52  test  airplane  such  that  the  model  and 
airplane  would  have  similar  symmetric  flutter  mode  characteristics  with  the 
airplane  flutter  speed  within  the  airplane  fl ight  envelope.  All  model  analyses 
discussed  in  this  section  were  accomplished  in  airplane  scale  for  convenience 
in  comparing  with  airplane  analysis  results.  Model  equations  of  motion  were 
subsequently  generated  in  model  scale  for  eval uation  of  the  CCV  program  flutter 
mode  control  system,  discussed  in  Section  4.  The  analytical  formulation  of 
model  and  airplane  equations  of  motion  is  discussed  in  Appendix  I. 

A 375,000  pound  equivalent  airplane  gross  weight  configuration  was 
selected  for  the  model.  The  configuration  was  selected  for  evaluation  because 
the  mass  distribution  properties  could  be  safely  attained  with  the  airplane 
and  required  minimum  design  changes  to  the  model.  The  configuration  required 
replacing  the  existing  94  percent  full  external  tanks  with  empty  tanks  con- 
taining the  equivalent  to  the  2000  pound  nose  ballast  of  the  CCV  airplane. 

The  375,000  pound  model  configuration  was  attained  by  removing  approximately 
12,000  pounds  of  fuel  from  forward  body  cell  number  1 to  maintain  an  accept- 
able center  of  gravity  location  for  the  airplane  and  the  model.  This  config- 
uration represents  the  maximum  permissible  inflight  gross  weight  for  the  air- 
plane and  did  not  require  revision  of  the  model  cable  mount  block  to  maintain 
model  static  stability. 

3.2.1  Prel iminary  Analyses 

Preliminary  vibration  and  flutter  analyses  were  conducted  on  the 
model  and  airplane  in  the  375,000  pound  gross  weight  configuration  at  21,000 
feet  altitude  flight  condition.  The  objective  of  these  analyses  was  to  verify 
acceptability  of  the  symmetric  flutter  mode  and  to  determine  if  any  structural 
changes  were  required  on  the  model  to  give  the  desired  compatibility  with  the 
airplane. 

Airplane  mass  and  stiffness  properties  for  the  selected  configura- 
tion were  taken  from  the  model  design  control  specification,  Reference  3,  and 
updated  to  reflect  known  changes  in  the  CCV  airplane.  A complete  listing  of 
component  stiffness  and  structural  and  fuel  mass  properties  used  in  the  air- 
plane analyses  is  included  in  Appendix  A of  Reference  4. 

Preliminary  lumped  mass  idealization  of  the  model  was  developed 
using  model  design  mass  properties  for  the  nacelles  and  empennage  surfaces  and 
measured  mass  properties  for  wing  and  fuselage  adjusted  to  remove  the  12,000 
pound  forward  body  weight.  A complete  listing  of  model  measured  mass  and 
stiffness  properties,  and  a comparison  of  actual  and  design  stiffness  values, 
are  included  in  Appendix  B of  Reference  4.  Design  nacelle  mass  was  used 
because  it  was  known  the  model  nacelles  would  be  modified  to  correct  mass 
errors.  Due  to  reasonable  agreement  between  actual  and  design  stiffness 
properties,  the  design  values  were  used  in  all  analytical  formulations. 
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Stiffness  properties  for  the  model  cable  mount  system  were  generated  from  in- 
stallation geometry  and  estimated  cable  tension  and  drag  values  supplied  by 
NASA. 


Free-free  airplane  and  model,  and  restrained  model  vibration  ana- 
lysis results  are  summarized  in  Tables  II  and  III.  Table  II  shows  frequencies 
of  the  first  nine  symmetric  modes  for  airplane  and  preliminary  model.  The 
frequencies  listed  under  Phase  I and  Phase  II  will  be  discussed  in  subsequent 
paragraphs.  Frequencies  for  these  modes  plus  the  two  cable  modes  are  shown 
in  Table  III  for  the  cable-mounted  (restrained)  model.  Descriptions  of  the 
coupled  modes  are  included  in  both  tables.  The  cables  have  little  effect  on 
the  mode  frequencies,  with  all  but  the  sixth  and  eighth  elastic  mode  frequen- 
cies slightly  lower  than  the  free-free  (unrestrained)  model  frequencies. 

Results  of  the  preliminary  model  and  airplane  flutter  analysis  are 
summarized  in  Figure  2.  The  V-g  plot  indicates  the  airplane  flutter  speed  is 
well  within  the  B-52E  operational  flight  envelope  for  this  gross  weight/alti- 
tude condition.  The  model  predicted  flutter  speed  is  about  20  percent  higher 
than  the  airplane,  assuming  .015  structural  damping  for  the  airplane  and  .005 
for  the  model.  These  damping  values  are  based  on  past  experience  with  the 
B-52  airplane  and  the  B-52  .049  scale  flutter  model. 

The  cable  mount  system  has  little  effect  on  the  model  flutter  speed. 
The  model  results  were  obtained  using  design  mass  and  stiffness  values  for  the 
nacelles  and  nacelle  struts.  The  airplane  analysis  was  based  on  nacelle  mode 
shapes  and  frequencies  determined  from  airplane  ground  vibration  testing. 

A study  was  conducted  to  determine  if  better  agreement  between 
predicted  model  and  airplane  flutter  velocities  could  be  attained  through  re- 
design of  the  model  nacelle  struts.  Results  of  using  airplane  nacelle  mode 
shapes  and  frequencies  in  the  model  analysis  show  significantly  better  agree- 
ment, also  shown  in  Figure  2.  The  model  predicted  flutter  speed  is  only  about 
2 percent  hiqher  than  the  airplane  for  this  case.  The  study  results  further 
showed  that  similar  agreement  could  be  attained  if  the  vertical  motion  at  the 
airplane  outboard  nacelle  center  of  gravity  were  included  in  the  model  out- 
board nacelle  side  bending  mode. 

The  original  model  nacelle  struts  were  designed  to  geometric  and 
stiffness  requirements  selected  to  match  the  node  point  of  the  pitch  mode  and 
node  lines  of  the  side  bending  and  torsion  modes.  Final  tuning  of  the  nacelle 
struts  was  accomplished  to  obtain  side  bending  and  pitch  mode  frequencies 
within  one  percent  (torsion  mode  frequency  within  ten  percent)  of  those  speci- 
fied in  Reference  3.  Mode  shapes  at  the  nacelle  center  of  gravity  are  shown 
in  Tables  IV,  V and  VI  for  the  airplane  and  preliminary  (original)  model  left 
wing  nacelles.  Right  wing  nacelle  mode  shapes  are  mirror  images  of  the  left 
wing  nacelle  mode  shapes,  with  the  fuselage  X-Z  plane  as  the  plane  of  symmetry. 
The  airplane  nacelle  mode  shapes,  determined  from  past  uncoupled  nacelle  ground 
vibration  testing,  include  significant  coupling  terms  in  the  side  bending  mode 
(X,  Z and  By  motion)  and  vertical  bending  mode  (Y,  0X  and  6Z).  These  coupling 
terms  are  not  present  in  the  original  model  nacelle  modes  because  of  design 
symmetry. 


Vibration  analyses  of  various  strut  configurations  were  accomplished 
to  determine  a strut  design  concept  which  would  introduce  the  important  coup- 
ling terms  (primarily  Z in  the  side  bending  mode)  present  in  the  airplane 
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TABLE  II.  AIRPLANE  AND  MODEL  FREE-FREE  VIBRATION 

ANALYSIS  RESULTS  COUPLED  MODE  FREQUENCIES 
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SYMBOLS:  W - Wing  IN  - Inboard  Nacelle  C - Chordwise  Bending  V - Vertical  Bending 

B - Body  ON  - Outboard  Nacelle  L - Lateral  Bending  T - Torsion 


TABLE  III.  RESTRAINED  MODEL  VIBRATION  ANALYSIS  RESULTS 

COUPLED  MODE  FREQUENCIES 
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Figure  2.  Airplane  and  Preliminary  Model  Symmetric  Flutter  Analysis  Results 


TABLE  IV.  NACELLE  MODE  1 - SIDE  BENDING 

LEFT  WING 
INBOARD  NACELLE: 


AIRPLANE 

PRELIMINARY 

MODEL 

FINAL 

MODEL 

FREQ.  - HZ 

2.04 

2.04 

2.04 

X/br 

.0535 

0 

0 

Y/br 

- .3578 

- .3578 

- .3578 

Z/br 

- .0528 

0 

0 

0 - RAD 

A 

1.0 

.1795 

.1490 

0y  - RAD 

.1384 

0 

0 

e2  - RAD 

.3525 

.3726 

.3884 

LEFT  WING 
OUTBOARD  NACELLE: 


AIRPLANE 


PRELIMINARY 

MODEL 


FINAL 

MODEL 


FREQ.  - HZ 

2.10 

2.10 

2.12 

X/br 

.1569 

0 

.0636 

Y/br 

- .6495 

- .6495 

- .6495 

Z/br 

.1614 

0 

.1691 

9 - RAD 

A 

.8895 

.3367 

.3056 

Qy  - RAD 

.1618 

0 

.2315 

9 - RAD 

1.0 

.7595 

.7739 

NOTE:  Mode  data  are  expressed  in  airplane  scale 

where  br  = 130  inches. 
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TABLE  V.  NACELLE  MODE  2 - VERTICAL  BENDING 


LEP  WING 
INBOARD  NACELLE: 


AIRPLANE 

PRELIMINARY 

MODEL 

FINAL 

MODEL 

FREQ.  - HZ 

4.07 

4.07 

3.915 

X/br 

.2824 

.3063 

.3071 

Y/br 

- .0227 

0 

0 

Z/br 

.7874 

.7874 

.7874 

9 - RAD 

X 

.4311 

0 

0 

9y  - RAD 

1.0 

.9772 

.9827 

9Z  - RAD 

- .3173 

0 

0 

LEFT  WING 
OUTBOARD  NACELLE: 


AIRPLANE 

PRELIMINARY 

MODEL 

FINAL 

MODEL 

FREQ.  - HZ 

4.02 

4.02 

3.95 

X/br 

.2192 

.2591 

.2598 

Y/br 

.1879 

0 

.2094 

Z/br 

.6892 

.6892 

.6892 

9 - RAD 

A 

.1308 

0 

- .2779 

9y  - RAD 

1.0 

.9427 

.9471 

9z  - RAD 

- .3543 

0 

- .1701 

NOTE:  Mode  data  are  expressed  in  airplane  scale 
where  br  = 130  inches. 
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TABLE  VI.  NACELLE  MODE  3 - STRUT  TORSION 


LEFT  WING 
INBOARD  NACELLE: 


FRE 


X/br 

Y/br 

Z/br 


0 - RAD 

A 

0y  - RAD 
0z  - RAD 


LEFT  WING 
OUTBOARD  NACELLE: 


AIRPLANE 

PRELIMINARY 

MODEL 

FINAL 

MODEL 

6.01 

6.01 

7.280 

- .0866 

0 

0 

.0437 

- .0474 

- 

.0788 

- .0093 

0 

0 

1.0 

1.0 

1 

.0 

- .046'j 

0 

0 

- .4847 

- .5199 

- 

.5768 

0X  - RAD 
0y  - RAD 
9Z  - RAD 


AIRPLANE 


5.94 


- .0803 

- .0573 
.0087 

1.0 

- .0492 

- .4863 


PRELIMINARY 

MODEL 


FINAL 

MODEL 


6.36 


.0007 

- .0598 
.0203 

1.0 

- .0208 
- .5132 


E:  Mode  data  are  expressed  in  airplane  scale 

where  b.  =130  inches 


nacelle  modes.  The  analyses  revealed  that  nacelle  mass  unbalance  in  the  Y 
direction  (center  of  gravity  not  on  centerline)  could  not  be  responsible  for 
the  magnitude  of  the  coupling  terms.  It  was  concluded  that  the  airplane 
nacelle  mode  coupling  terms  must  be  associated  with  local  deformations  at  the 
front  spar  of  the  airplane  wing. 

A simple  nacelle/strut  design  concept  was  found  which  provided 
adequate  agreement  between  model  and  airplane  nacel le mode  shapes.  The  concept 
required  rotating  the  principal  axes  of  the  outboard  nacelle  strut  flexure 
segment  through  a 16  degree  roll  angle  (clockwise  when  viewed  from  front  of 
the  model  for  right  hand  wing,  and  counterclockwise  for  left  hand  wing). 
Position  of  the  nacelles  and  the  streamwise  orientation  of  the  strut  fairings 
were  unchanged.  Nacelle  mode  shapes  based  on  measured  nacelle  mass  and  design 
stiffness  values  (including  the  outboard  nacelle  strut  revision)  are  shown  in 
Tables  IV,  V and  VI,  labeled  "final  model." 


3.2.2  Final  Analyses 


The  B-52  aeroelastic  model  was  modified  to  represent  the  CCV  pro- 
gram flight  test  airplane  in  the  375,000  pound  condition.  New  outboard  nac- 
elle struts,  as  described  above,  were  incorporated  into  the  model.  Model 
modifications  are  discussed  in  more  detail  in  paragraph  3.3.  After  completion 
of  the  modifications,  model  mass  properties  were  remeasured  to  update  the 
analytical  vibration  and  flutter  analyses. 


Vibration  analysis  results  for  the  model  as  tested  in  the  Phase  I 
wind  tunnel  tests  are  shown  in  Table  II  for  free-free  coupled  mode  frequencies 
and  Table  III  for  the  restrained  model  coupled  mode  frequencies.  The  analysis 
was  based  cn  measured  mass  properties  and  design  stiffness  values.  The  nacelle 
representations  included  measured  frequencies,  averaged  mass  properties,  and 
tne  analytical  mode  shapes  of  facie;#  iv,  V and  VI.  Also  shown  in  Tables  II 
and  III  are  vibration  analysis  results  for  the  model  as  tested  in  the  second 
entry  (Phase  II)-  Between  the  two  series  of  wind  tunnel  tests,  the  model  was 
modified  to  bring  wing  tip  mass  closer  to  the  design  specification  and  to 
have  the  model  elevator  operative.  The  latter  modification  added  a small 
amount  of  mass  to  the  aft  body. 


Flutter  analysis  results  for  the  first  nine  symmetric  modes  are 
shovn  in  Figures  3 through  11  for  the  model  as  tested  in  the  two  wind  tunnel 
entries.  Free-free  airplane  analysis  results  are  included  for  reference.  The 
V-g  plots  show  little  difference  in  the  model  as  tested  in  the  two  entries, 
except  for  lower  damping  in  the  seventh  mode  for  the  model  as  tested  in  Phase 
II.  Figure  8 shows  the  predicted  flutter  speeds  to  be  very  nearly  identical. 
Differences  in  damping  levels  between  airplane  and  model  modes  2,  3 and  4 are 
due  primarily  to  the  effects  of  the  cable  mount  system  (the  relatively  stiff 
fore  and  aft  cable  restraint  and  the  strong  coupling  with  chordwise  wing 
deflections) . 


Antisymmetric  flutter  analyses  were  conducted  for  the  airplane  and 
the  model  as  tested  during  Phase  I.  The  results  show  the  airplane  and  model 
to  be  free  of  antisymmetric  flutter  up  to  about  600  KTAS  (about  85  psf  model 
dynamic  pressure),  well  above  the  planned  test  velocities.  V-g  plots  for 
these  conditions  are  shown  in  Reference  4.  An  antisymmetric  flutter  analysis 
of  the  model  as  tested  in  the  second  entry  was  not  conducted  because  it  was 
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Figure  3.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results  - Mode 
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Figure  4.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results  - Mode 
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Figure  6.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results  - Mode 
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Figure  7.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results-  Mode 
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Figure  3.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results-  Mode 
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Figure  10.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results  -Mode 
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Figure  11.  Airplane  and  Model  Symmetric  Flutter  Analysis  Results  - Mode 
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3.3.1 


Control  Surface  Mechanization 
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Flaperon  and  Outboard  Aileron  Actuation  System  Installati 


tachometer  are  mounted  in  the  model  fuselage,  just  forward  of  the  wina  attach- 
ment  point  (see  Figure  13).  Torque  is  transmuted  aft  through  a Sk-pusS 

l intan6  tbaJ  “S*  the  '"board  wing  leading  edge.  Another  crank-pushrod 
inkage  transmits  torque  aft  to  the  original  aileron  shaft  run.  This  shaft 
run  was  extended,  with  one-eighth  inch  stainless  steel  precision  shifting,  out 
"na*?6  a,'er5n,?urfaces'  Torque  was  then  transmitted  aft  through  another 

prctrldll  bllol1?^9!-40  th%surfa“>.as  shown  in  Figure  14.  This  pushrod 
pr  trudes  below  the  wing  surface  and  is  covered  by  a fairing.  Flexible  bellows 

couplings  are  used  in  the  shaft  run  through  the  wing  to  minimize  wim  stiffness 
changes.  Note  that  both  surfaces  are  driven  by  one  torque  motor  Kref.il 

“f  the  ban  bear1"3  aqPPor£s  was  re^ll^o  milwl  ’ 

friction  and  resulting  hysteresis. 

f torque  motor  is  driven  by  a d.c.  power  amplifier.  The  amoli- 

tunnel  ^esti'30^0^ te£*  ?nd  located  in  the  tunnel  control  room  during  the  wind 
tunnel  tests.  Feedback  loops  around  each  torque  motor  were  mechani^l  T 

general. purpose  analog  computer,  also  located'in  the  control  roo^  duHng 


3.3.2 


Modifications  for  Model/Airplane  Compatibility 


sent  the  Cc/teir^Ii^iciC?tI°n!-were  accomplished  on  the  model  to  repre- 
sentation If  Ihf Tfla?e  Fuel  Configuration  3 and  to  improve  the  model  re 
p esencation  of  the  airplane.  The  original  94  percent  full  pxtpmai  ,n„n 

tanks  were  replaced  with  empty  tanks  with  nose  ballast  equivaW  tl  ITrrT 
airplane  2,000  pound  ballasted  tank  configuration  The  talklwele  ?ahrfrafL 
with  a honeycomb  shell  and  covered  with  fiberglass.  AccelerlmeS  S I,  hi 
quently  installed  inside  each  tank  to  provide  voltaqe  DroDortinnal  tn 

BSrk'kSlSr^b"9^6-  * th6  ™C  *«-  a‘ & equivalent3 toeing 

PpHi^lSPP 

the  airplane^ Ve  "3Cel1e  m°de  dampin9  Valu6S  m0re  near1^  representativl  of 
. f 0t,1?r  edifications  were  performed  to  improve  the  model  renrpspn 

r = wc  f F 

tp  2 -aS^  ln  °^er  locfltions  in  the  model  was  revised  as  necessarJ 

to  produce  desired  mass/inertia  properties.  All  Darts  ariHpH  m * ^1 

surface  mechanizations  were  lightened  as  much  as  possible.  6 C°n  r° 

shielding  and  grounding  to  minimize  interference.  P ^er 
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Figure  14.  Outboard  Aileron  Installation 


3.4 


Model  Ground  Vibration  Tests 


Ground  vibration  tests  were  conducted  by  NASA  before  each  of  the 
two  wind  tunnel  entries.  In  each  case,  the  ground  vibration  tests  were  con- 
ducted twice,  one  with  soft  spring  support  outside  the  tunnel,  and  the  other 
on  the  model  cable  mount  system  in  the  tunnel  test  section.  Results  of  the 
GVT's  conducted  in  the  tunnel  are  discussed  in  Section  5. 

Results  of  the  soft  spring  complete  model  ground  vibration  tests 
are  summarized  in  Table  VII.  This  table  shows  the  measured  frequencies  of  the 
first  nine  symmetric  modes,  with  the  free-free  vibration  analysis  frequencies 
shown  for  reference.  The  predicted  frequencies  are  the  free-free  mode  fre- 
quencies shown  in  Table  II  in  airplane  scale. 

The  first,  second,  fifth,  eighth  and  ninth  modes  were  identified 
through  comparison  of  predicted  and  measured  mode  shapes.  For  these  modes, 
the  vibration  characteristics  were  similar  in  nature  to  the  characteristics 
predicted  by  the  vibration  analysis,  but  vibration  frequencies  do  not  agree 
exactly.  The  mode  frequencies  shown  were  obtained  with  the  force  shaker  ap- 
plied to  the  fuselage  vertically  near  the  model  center  of  gravity.  Frequencies 
of  the  modes  change  some  for  other  shaker  locations. 

Frequency  of  the  second  mode  is  6 to  7 percent  higher  than  predicted. 
A wing  antisymmetric  mode  was  found  at  about  8.5  Hz,  which  made  identity  of  the 
second  mode  difficult.  The  second  antisymmetric  mode  had  been  predicted  at  8.18 
Hz,  with  the  third  mode  at  10.08  Hz.  Thus,  it  appears  the  second  antisymmetric 
mode  is  also  higher  in  frequency  than  predicted. 

Frequency  of  the  ninth  mode  is  also  higher  than  predicted,  but  the 
first,  fifth  and  eighth  are  lower.  For  these  five  modes,  even  though  the  mode 
frequencies  do  not  agree  exactly,  the  vibratory  motion  for  each  was  similar  to 
the  predicted  characteristics. 

Neither  mode  between  the  second  and  fifth  can  be  identified  defi- 
nitely as  the  third  or  fourth  elastic  mode  predicted  in  the  vibration  analysis. 
The  third  mode  was  predicted  to  show  more  inboard  than  outboard  nacelle  lateral 
motion,  with  motion  of  the  two  nacelles  out-of-phase.  The  fourth  mode  was 
predicted  to  be  the  opposite,  with  more  outboard  nacelle  lateral  motion  and 
the  two  nacelles  in-phase.  The  measured  mode  tentatively  identified  as  mode 
four  (based  on  frequency)  shows  both  inboard  and  outboard  nacelle  lateral 
motion  with  the  nacelles  out-of-phase. 

The  sixth  and  seventh  modes  are  the  most  difficult  to  identify  from 
the  GVT  data.  The  ground  vibration  test  conducted  before  the  first  tunnel  entry 
shows  three  symmetric  modes  between  the  fifth  and  eighth  modes.  The  mode  fre- 
quencies were  13.29,  13.50  and  13.64  Hz.  Mode  shapes  for  all  three  modes  are 
similar  to  the  predicted  sixth  mode.  The  GVT  conducted  in  the  tunnel  during 
the  first  entry  shows  only  two  modes  in  this  frequency  range,  at  12.9  and  13.5 
Hz  (see  Section  5).  Thus,  the  13.29  and  13.50  Hz  modes  were  tentatively  iden- 
tified as  the  sixth  and  seventh  modes,  respectively,  for  the  Phase  I model, 
although  the  13.5  Hz  mode  shape  does  not  agree  with  the  predicted  seventh  mode 
shape.  The  sixth  mode  was  predicted  analytically  to  be  the  flutter  mode  for 
the  model  and  airplane. 

Both  ground  vibration  tests  conducted  before  the  second  series  of 
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wind  tunnel  tests  showed  only  two  symmetric  modes  between  the  fifth  and  eighth 
elastic  modes.  The  mode  shape  of  the  13.28  Hz  mode  is  almost  identical  to  the 
mode  shape  of  the  13.5  Hz  mode  found  before  the  first  entry.  Mode  shape  of 
the  13.62  Hz  mode  is  not  available.  The  model  was  modified  between  the  two 
entries  to  correct  wing  tip  mass  properties,  to  install  all  elevator  components 
so  the  elevator  could  be  used  to  excite  the  model,  and  to  correct  alignment  of 
the  aft  fuselage  main  spar.  Therefore,  some  difference  would  be  expected  in 
the  mode  frequencies,  primarily  the  seventh  mode  which  shows  strong  body  first 
vertical  bending  motion. 

Another  possibility  is  that  the  seventh  mode  was  "masked"  during 
the  ground  vibration  tests  by  a strong  15.5  Hz  antisymmetric  mode,  but  this 
mode  was  not  excited  appreciably  by  the  fuselage  shaker  oriented  vertically. 

The  "actual"  vibration  mode  frequencies  shown  in  Table  VII  were  obtained  by 
the  author  from  the  limited  ground  vibration  test  data  available. 
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4.0 


FLUTTER  MODE  CONTROL  SYSTEM  EVALUATION 


Under  the  CCV  program,  a flutter  mode  control  system  was  synthe- 
sized for  the  flight  test  airplane  for  Fuel  Configuration  1 (260,700  pounds) 
and  2 (298,500  pounds)  at  21,000  foot  altitude  conditions.  The  FMC  system 
designed  for  these  conditions  met  the  performance  goal,  increasing  the  flutter 
placard  airspeed  by  30  percent  with  ±6  db  gain  and  ±60  degree  phase  stability 
margins.  But,  the  system  required  modification  to  provide  a common  FMCS  con- 
figuration that  would  meet  the  performance  requirements  for  the  375,000  pound 
Fuel  Configuration  3.  The  modification,  consisting  of  changes  in  the  shaping 
filter  and  sensor  alignment  for  the  outboard  aileron,  was  necessary  because  the 
off-design  condition  was  specified  subsaquent  to  the  original  FMCS  synthesis. 
The  final  airplane  FMC  system,  shown  in  the  block  diagram  of  Figure  15,  met 
the  performance  requirements  at  all  three  CCV  fuel  configurations.  A more . 
detailed  discussion  of  the  FMC  system  analysis  and  synthesis  is  contained  in 
Reference  2. 


The  final  airplane  system  was  evaluated  on  model  equations  of 
motion.  The  following  sections  discuss  this  evaluation  and  the  results  of  a 
hybrid  computer  simulation  study  conducted  to  evaluate  FMC  system  nonlinearity 
effects.  Preparation  of  wind  tunnel  test  plans  is  discussed  in  Section  4.3. 

4.1  FMC  System  Evaluation 

The  airplane  system  was  scaled  to  model  frequencies  for  evaluation 
on  18  degree-of-freedom  model  equations  of  motion  that  included  vertical  dis- 
placement and  pitch  degrees  of  freedom  to  represent  cable  mount  dynamics. 

Mach  0.24  aerodynamic  parameters  were  used  in  the  equations,  with  tunnel  test 
fluid  density  and  tree-stream  velocity  as  explicit  parameters  so  model  analyses 
could  be  conducted  in  the  same  manner  as  airplane  analyses.  The  nominal  den- 
sity, .00499  slug/ft3,  is  equivalent  to  the  airplane  21,000  foot  altitude 
density  and  was  attained  in  the  tunnel  using  95  percent  freon  and  5 percent 
air  as  the  test  fluid. 

Model  analyses  were  conducted  on  three  different  model  configura- 
tion equations  of  motion.  The  first  equations  used  were  based  on  original 
model  mass  and  design  stiffness  data,  with  scaled  airplane  nacelle/nacelle 
strut  characteristics,  discussed  in  paragraph  3.2.1.  The  airplane  FMCS  was 
also  evaluated  on  equations  based  on  measured  mass  and  design  stiffness  pro- 
perties, with  the  original  nacelle  struts.  The  following  paragraphs  discuss 
only  the  last  analyses,  which  were  conducted  on  equations  of  motion  based  on 
measured  mass  and  design  stiffness  properties  with  measured  revised  nacelle 
frequencies,  damping  and  mass  properties,  but  with  analytical  nacelle  mode 
shapes  (see  paragraph  3.2.2).  This  configuration  represents  the  model  as  tested 
in  the  first  entry.  The  model  equations  assumed  .005  structural  damping  for 
all  modes  but  the  nacelle  modes  (see  paragraph  3.2.1). 

A block  diagram  of  the  nominal  FMC  system  is  shown  in  Figure  16  in 
model  scale.  This  block  diagram  differs  from  that  shown  in  Figure  15  only  in 
that  the  shaping  filters  are  expressed  in  model  frequency  scale  and  the  actua- 
tor transfer  function  represents  the  model  electromechanical  actuation  systems . 
Actuation  system  feedback  gains  were  adjusted  with  the  model  in  the  tunnel  to 
match  the  transfer  functions  shown.  Actuator  performance  equivalent  to  the 
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Figure  15.  Airplane  FMCS  Block  Diagram 


ICS  Block  Diagram 


airplane  actuators  in  model  scale  was  not  possible  with  the  model  actuation 
system  components.  However,  in  the  frequency  range  that  includes  the  flutter 
mode,  the  model  actuators  closely  represent  the  airplane  actuators.  The  model 
accelerometers  were  located  to  the  scaled  airplane  locations  and  the  same  con- 
trol surfaces  are  used.  Model  fuselage  and  wing  buttock  line  designations 
discussed  in  this  section  are  in  airplane  scale  for  clarity,  but  all  data  are 
in  model  scale. 

The  two  model  modes  with  lowest  damping  are  shown  in  the  Q-c  plot 
of  Figure  17.  The  model  predicted  flutter  dynamic  pressure  is  45.6  psf  for 

this  model  configuration  (which  represents  the  model  as  tested  in  the  Phase  I 
wind  tunnel  tests  discussed  in  paragraph  5.2.1).  The  flutter  point  is  equiv- 
alent to  about  325  KCAS  in  airplane  scale,  about  13  KCAS  higher  than  the  air- 
plane flutter  speed.  Figure  17  also  shows  performance  of  the  FMC  system.  The 
predicted  flutter  mode  damping  is  similar  to  that  predicted  for  airplane  Fuel 
Configuration  3. 

A gain/phase  root  locus  analysis  was  conducted  at  45  psf  dynamic 
pressure  for  the  aileron  loop  with  the  flaperon  loop  at  nominal  gain,  and  for 
the  flaperon  loop  with  the  aileron  loop  at  nominal  gain.  The  analysis  results 
showed  that  the  design  criteria  of  ±6  db  gain  and  ±60  degrees  phase  stability 
margins  were  satisfied.  The  airplane  FMC  system  could  then  be  simulated  on 
the  model  with  similar  performance  predicted. 

Figure  18  shows  the  effects  of  FMCS  gain  variations  on  the  flutter 
mode  damping.  This  figure  shows  the  flaperon  loop  at  nominal  gain  to  be  more 
effective  than  the  aileron  system  at  twice  nominal  gain.  But,  either  loop 
operating  individually  adds  damping  to  the  flutter  mode,  providing  a margin  of 
safety  for  the  wind  tunnel  tests.  A similar  trend  was  noted  for  the  airplane. 

The  effects  on  system  performance  of  filter  cutoff  frequency  vari- 
ations in  both  channels  simultaneously  can  be  seen  in  Figure  19.  The  frequency 
variations  analyzed  are  0.75  and  1.25  times  the  nominal  82.2  rad/sec  frequency. 
The  lower  frequency,  61.65  rad/sec,  introduces  phase  lag  and  decreases  gain  at 
the  flutter  mode  frequency,  relative  to  the  nominal  system,  which  degrades  the 
FMC  system  performance.  Phase  lead  and  increased  gain  introduced  by  the  higher 
cutoff  frequency  increases  the  effectiveness  of  the  system  above  about  40  Dsf 
dynamic  pressure.  K 

The  Phase  I wind  tunnel  test  results,  discussed  in  paragraph  5.2.1, 
showed  the  system  with  nominal  gains  to  be  less  effective  than  predicted  in 
controlling  the  flutter  mode.  The  system  feedback  gains  were  subsequently 
increased  for  the  Phase  II  tests  to  produce  the  performance  predicted  for  the 
nominal  gains.  The  gains  used  in  the  Phase  II  wind  tunnel  tests  were  the  same 

as  used  in  the  final  airplane  flight  tests,  twice  nominal  in  the  aileron 

channel  and  1.25  times  nominal  in  the  flaperon  channel.  The  model  was  modified 

between  the  two  tunnel  entries  to  correct  wing  tip  mass  properties  and  to  in- 

stall all  elevator  actuation  system  components  so  the  elevator  could  be  used 
to  excite  the  model  as  was  planned  for  airplane  flight  tests.  Predicted  per- 
formance for  the  higher  gains  on  the  revised  model  is  discussed  in  Section  6, 
where  it  is  compared  to  wind  tunnel  test  results.  Analytical  subcritical 
model  responses  were  generated  for  comparison  with  test  data.  Reference  6 
contains  a complete  set  of  these  plots,  which  includes  frequency  response  and 
co-quad  plots  for  outboard  wing  vertical  acceleration  (WBL  925)  and  inboard 
wing  vertical  acceleration  (WBL  565)  due  to  aileron,  flaperon  and  horizontal 
canard  control  surfaces.  The  plots  were  generated  with  FMCS  off  and  on  at 
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Figure  17.  Model  FMCS  Performance  (Analytical) 


FMCS  OFF 
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AILERON  FMCS  ONLY  (NOMINAL  GAIN) 
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Figure  18.  Effects  of  FMCS  Gain  Variations  on  Model  Flutter 
Mode  Damping  (Analytical) 


FMCS  OFF 
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27.75,  35.00,  38.12,  45.00  and  50.00  psf  dynamic  pressure, 
conditions  correspond  to  three  airplane  Fuel  Configuration 
speeds  (250,  280  and  295  KCAS).  Reference  6 also  contains 
responses  at  these  conditions  as  well  as  model  wind  tunnel 
other  conditions. 


The  first  three 
3 flight  test  air- 
copies  of  airplane 
data  for  these  and 


4.2  Hybrid  Computer  Simulation  Studies 

Simplified  model  equations  of  motion  were  simulated  on  a nybrid 
computer  primarily  to  evaluate  actuator  and  FMCS  nonlinearities.  Tests  were 
also  conducted  to  evaluate  using  the  horizontal  canards  for  excitation  during 
model  dynamic  response  flutter  testing. 

Two  separate  simulation  studies  were  conducted.  The  first  -ised 
model  equations  of  motion  based  on  existing  nacelle  struts  and  was  conducted 
before  the  Phase  I wind  tunnel  tests.  The  second  study  was  accomplished  with 
new  nacelle  strut  representation,  for  the  model  as  tested  in  the  Phase  I tests. 
The  two  studies  evaluated  similar  nonlinearities  with  similar  results. 

In  both  studies,  two  cable  and  six  symmetric  elastic  modes  were 
simulated.  The  first  study  considered  two  conditions,  one  marginally  stable 
and  the  other  unstable,  but  only  an  unstable  condition  was  simulated  in  the 
second  study.  The  unstable  conditions  were  simulated  to  detect  limit  cycle 
tendencies  with  hysteresis  in  the  actuation  system  dynamic  representations. 

The  first  study  equations  of  motion  were  simplified  by  using  only  a first  order 
lift  growth  representation  for  all  eight  degrees  of  freedom.  Four  lift  growth 
terms  for  cable  constraint  modes  and  one  term  for  elastic  modes  were  used  in 
the  second  study.  These  simplifications  were  included  to  facilitate  simulating 
all  eight  degrees  of  freedom  without  losing  accuracy  for  the  nonlinear  simula- 
tion test  results. 

The  simulation  test  results  showed  that  actuator  rate  limits  would 
cause  a large  amplitude  limit  cycle  in  the  flutter  mode  frequency  when  rate 
commands  from  the  FMC  system  exceeded  the  limit.  The  time  histories  shown  in 
Figure  20  were  obtained  with  ±25  degrees  rate  limits  imposed  on  the  aileron 
and  flaperon..  The  responses  with  .95  ft/sec  vertical  gust  amplitude  are  ap- 
proaching a limit  cycle  with  amplitude  larger  than  the  responses  with  FMCS  off 
Actuator  position  limits,  imposed  on  the  command  from  the  FMCS,  did  not  cause 
a limit  cycle,  but  did  degrade  the  system  performance  depending  upon  the 
amplitude  of  sensed  motion  being  fed  to  the  FMC  system.  This  latter  condition 
was  set  up  identically  to  the  saturation  testing  to  be  conducted  in  Phase  II 
wind  tunnel  tests,  except  sinusoidal  vertical  oust  was  used  in  the  simulation, 
and  sinusoidal  aileron  frequency  sweeps  were  to  be  used  in  the  wind  tunnel  for 
model  safety. 


Tests  conducted  with  control  surface  actuation  system  hysteresis 
similar  to  that  measured  on  the  model  systems  indicated  some  FMCS  degradation, 
and  a limit  cycle  was  found  at  conditions  where  the  unaugmented  model  was  un- 
stable, as  shown  in  Figure  21.  The  hysteresis  simulated  was  ±0.4  dpgrees  on 
the  aileron  and  ±0.2  degrees  on  the  flaperon.  The  Phase  I wind  tunnel  tests 
were  conducted  with  similar  hysteresis  values,  but  only  testing  below  the  open 
loop  flutter  point  was  accomplished.  The  hysteresis  was  lowered  for  Phase  II, 
as  discussed  in  paragraph  5.1,  and  no  limit  cycle  during  supercritical  testing 
was  noted.  Model  actuator  hysteresis  represents  one  of  the  major  difficulties 
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Figure  21.  Effect  of  ±0.20  Degree  Flaperon  Hysteresis  and  ±0.40  Degree 
Aileron  Hysteresis  on  FMCS  Performance 


in  ?he0w?nrdC°LnelSUCCeSSf;"'y  teSti"9  3 SyStem  Such  35  f1utter  mode  »ntrol 

, „ -i  Res^1t^,0f  the  simulation  studies  showed  that  without  tunnel  turbu- 

ence,  aileron. dwell  and  clamp  (at  flutter  mode  frequency)  and  one  cycle  sine 
wave  pulse  excitation  should  produce  good  wing  vertical  acceleration^ecay 
time  histories.  This  result  was  indicated  in  the  Phase  I wind  tunnel  tests 
but  the  tunnel  turbulence  excited  the  flutter  mode  after  the  sine  wave  command 
th3t  damping  estimates  could  not  be  made.  The  simulation  study 
" ltherriaper°n  m°re  effective  in  exciting  the  flutter  mode  than  the 
^s-  The  outboard  aileron  was. found  to  excite  the  flutter  mode  about  as 
well  as  the  flaperons.  But,  the  ailerons  excited  more  modes  in  the  frequency 
sweeps,  so  they  were  chosen  for  the  model  wind  tunnel  tests.  q V 


4.3 


Wind  Turnel  Test  Plans 


Th0  nL,c  T ?et;i1?d  test  p1ans  were  Prepared  for  both  wind  tunnel  entries. 
weri-fJ  tL  P a"  was  Prepared  to  include  sufficient  wind  tunnel  tests  to 
erify  the  model  flutter  characteristics  and  the  FMC  system  performance  and  to 
evaluate  dynamic  response  flutter  testing  techniques.  The  Phase  I ?ests 

^nmCr,lbe^  para9raPh  5.2.1  were  conducted  according  to  this  plan,  but  with 
some  deviations  as  the  tests  results  indicated  were  desirable. 

^ TJe  teS-  plans  were  PrePared  assuming  a NASA  engineer  would  serve 

>he1t^uct^raranaT^P,SUFM?rt  p™vided  b*  two  BoeinP  engineers  familiar  with 
..he  structural  analyses,  FMC  system  analyses  and  model  actuation  system  hard- 
ware, including  the  analog  computer.  y 

_i  . , . The  Phase  II. wind  tunnel  test  plan  is  shown  in  Appendix  II.  This 

test  result^  ^hP^n^Tf ' nS*and  required  for  correlation  with  flight 

test  results.  The  model  test  conditions  were  selected  to  provide  three  con- 

d tTons  thet.were  equivalent  to  conditions  at  which  airplane  Fuel  Configura- 
tion 3 dynamic  response  testing  was  to  be  conducted.  The  control  surfaces  and 
types  of. inputs  shown  in  Table  XII  for  model  excitation  correspond  to  thll 
used  during  the  airplane  flight  tests.  P ™at 

..  . ...  The  Pbase  1 wl’hd  tunnel  test  results  showed  the  transient  resDonse 
methods  did  not  give  data  for  reliable  flutter  mode  damping  estimates  due^o 
tunnel  turbulence.  The  elevator  actuation  system  was  operative  in  the  Phase 
II  entry,  and  the  test  plan  included  one-cycle  sine  wave  elevator  pulses  to 
simulate  the  pilot  command  used  in  flight  tests.  P 

. •.  ^Ihe  tu?nel  test  procedure  in  Table  XIII  was  prepared  to  minimize 

thTh 1?ondlT1°n  changes.  The  first  series  of  tests  was  planned  to  determine 
Th?  basi0model  T1 utter  condition  and  to  demonstrate  the  FMCS  performance 
This  testing  was  assigned  the  highest  priority.  The  remaining  tests  were 
planned  to  be  accomplished  at  one  tunnel  condition  at  a time  until  all  tests 
were  completed.  11 

. , . . "'"J16  Qeneral  philosophy  followed  in  preparing  the  test  Dlan  was  tn 

assign  highest  priority  to  the  minimum  items  that  would  fulfill  the  test  nhW 
tive,.  These  tests  were  then  to  be  conducted  so  as  not  to  ieooardU  t J 1 

flutter  odor  f°.£e  d°":  WUh  ™CS  0n  ab°ve  the  basic  modi? 

nutter  point,  the  fact  that  the  system  was  functioning  properly  had  to  t,e 
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demonstrated.  This  includes  all  hardware  items  comprising  the  feedback  system, 
from  sensors  to  the  aileron  and  flaperon  control  surface  actuation  systems. 

The  remaining  items  were  to  be  conducted  as  time  permitted,  and 
again,  each  item  was  assigned  priority  according  to  its  importance.  The  plan 
was  prepared  from  an  optimistic  point  of  view  such  that  all  testing  could  be 
accomplished  in  the  allotted  tunnel  time  if  no  major  difficulties  were  encoun- 
tered. 
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5.0 


MODEL  TESTING 


The  B- 52  aeroelastic  model  was  tested  in  the  NASA  Langley  Research 
Center  Transonic  Dynamics  Tunnel  during  two  entries.  The  first  series  of  tests 
(Phase  I)  were  conducted  in  June  and  July  1973,  primarily  to  establish  the 
degree  of  correlation  of  the  model  with  the  CCV  program  flight  test  airplane 
through  comparison  of  wind  tunnel  test  data  with  model  and  airplane  analytical 
results.  The  Phase  I test  results  showed  no  additional  modification  of  the 
model  was  required  to  provide  the  desired  correlation. 

All  of  the  data  required  for  comparison  with  airplane  flight  test 
results  was  obtained  in  the  second  tunnel  entry,  conducted  in  December  1973 
and  January  1974. 

The  following  sections  discuss  preparation  of  the  model  for  the 
wind  tunnel  test,  the  test  plans,  and  the  wind  tunnel  testing  conducted.  A 
more  complete  discussion  of  the  Phase  I testing  is  given  in  Reference  4. 

5.1  Model  Preparation 

Before  the  model  was  installed  in  the  tunnel  for  the  first  series 
of  tests,  it  was  completely  assembled  and  set  up  for  final  evaluation  of  the 
flaperon  and  aileron  actuation  systems.  Feedback  loops  for  the  systems  were 
mechanized  on  a general  purpose  analog  computer  that  was  also  used  to  mechanize 
the  FMC  system.  Wiring  between  the  model  and  the  computer  included  the  umbili- 
cal cables  that  were  to  be  used  in  the  tunnel.  Only  the  wiring  between  the 
control  room  and  the  tunnel  test  section  was  not  included  during  this  testing. 

Position  and  rate  feedback  gains  were  determined  for  the  outboard 
aileron  and  two  outboard  segment  flaperon  actuation  systems  to  provide  the 
desired  performance.  This  was  done  by  experimentally  determining  the  gains 
required  to  match  the  system  frequency  responses  to  the  desired  transfer  func- 
tions discussed  in  paragraph  4.1.  The  dynamic  testing  conducted  showed  two 
shaft  modes  between  60  and  80  Hz  on  the  outboard  aileron  system,  and  no  shaft 
modes  below  100  Hz  on  either  flaperon  system.  Hysteresis  of  the  outboard 
aileron  surface  relative  to  a 0.1  Hz  triangular  wave  command  measured  about 
±0.44  degrees.  Hysteresis  of  the  flaperon  actuation  systems  measured  ±0.28 
and  ±0.16  degrees  for  the  left  and  right  hand  systems,  respectively,  in  terms 
of  irotor  shaft  displacement  relative  to  displacement  command.  Hysteresis  of 
both  flaperon  surfaces  relative  to  the  motor  shafts  was  estimated  to  be  less 
than  ±0.05  degrees.  Hysteresis  was  reduced  before  the  Phase  II  wind  tunnel 
tests  by  careful  alignment  of  all  shafting  and  bearings  to  ±0.26  degrees  for 
the  aileron  and  ±0.13  degrees  for  the  right  hand  flaperon,  for  motor  shaft 
displacement  relative  to  commanded  displacement. 

Figure  22  is  a photograph  of  the  model  installed  on  the  cable 
mount  system  in  the  tunnel.  The  photograph  shows  the  flying  cables,  snubber 
cables  and  the  umbilical  cable  routing.  Power  signals  going  into  the  model 
were  carried  by  the  umbilicals  attached  to  the  snubber  cables,  and  instrumen- 
tation signals  were  carried  by  the  umbilical  seen  coming  out  of  the  model 
fuselage  aft  to  the  tunnel  sting.  Power  and  instrumentation  voltages  were 
routed  separately  to  minimize  interference  difficulty. 
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Figure  22.  B-52  Model  Installed  in  Wind  Tunnel 


With  the  model  installed  in  the  tunnel,  functional  checks  of  the 
FMC  system,  from  sensors  to  control  surfaces,  were  conducted.  Feedback  gains 
in  the  surface  actuation  systems  had  to  be  readjusted  to  give  the  desired  per- 
formance due  to  the  additional  wiring  resistance  in  series  with  the  torque 
motor  coils  picked  up  in  the  wiring  between  the  control  room  and  test  section. 
Signals  from  the  model  sensors  required  for  the  FMCS,  wing  inboard  and  outboard 
accelerometers  and  actuation  system  motor  shaft  servopotentiometers  and  tach- 
ometers, came  out  to  a signal  conditioning  electronics  rack  in  the  tunnel  con- 
trol room.  These  signals  were  then  passed  to  the  analog  computer  through  the 
computer  trunk  system.  Actuation  system  feedback  signals  and  FMCS  and  external 
commands  to  the  actuation  systems  passed  from  the  computer  to  the  rack  mounted 
power  amplifiers  and  then  through  internal  wiring  and  umbilical  cables  to  the 
actuation  system  torque  motors. 

Each  day  before  testing  began,  dynamic  checks  were  conducted  on 
the  actuation  systems  and  the  FMCS  mechanization  on  the  analog  computer.  This 
was  done  to  detect  any  malfunction  in  the  electromechanical  and  electronic 
components.  Use  of  an  analog  computer  for  the  actuation  system  feedback  and 
FMCS  mechanization  requires  an  experienced  computer  operator  who  can  detect 
malfunctions  before  disastrous  results  occur  during  testing. 

Before  the  start  of  wind-on  testing  in  both  Phase  I and  Phase  II, 
a brief  GVT  was  conducted  with  the  model  mounted  on  the  flying  cables  in  the 
tunnel  test  section.  The  snubber  cables  were  relaxed  and  a soft  spring  was 
employed  to  hold  the  model  vertically  on  the  tunnel  centerline.  Figure  23 
shows  the  results  obtained  during  the  second  tunnel  entry.  The  co-quad  plot 
is  for  right  hand  outboard  wing  vertical  acceleration  due  to  a force  shaker 
applied  to  the  model  fuselage  near  the  center  of  gravity.  The  first  elastic 
mode  has  been  omitted  from  this  plot  because  of  its  large  amplitude.  Frequency 
of  the  sinusoidal  force  was  swept  from  4 to  24  Hz  logarithmically  in  30  minutes. 

The  co-quad  plot  shows  some  antisymmetric  as  well  as  symmetric 
modes,  but  it  is  not  apparent  which  modes  are  symmetric.  Identity  of  the  modes 
was  established  by  visual  observation  of  the  model  and  by  comparing  this  plot 
with  similar  plots  obtained  during  soft  spring  ground  vibration  tests  conducted 
previously  outside  the  tunnel.  Results  of  the  previous  tests  are  discussed  in 
paragraph  3.4. 

Symmetric  coupled  mode  frequencies  measured  before  the  Phase  I and 
Phase  II  tests  are  shown  in  Table  VIII.  The  predicted  mode  frequencies  are 
shown  for  reference.  The  predicted  frequencies  were  taken  from  Table  III  and 
converted  to  model  frequency  scale.  The  measured  mode  frequencies  were  taken 
from  the  out-of-phase  component  of  the  co-quad  plot  obtained  during  each  test. 

The  actual  frequencies  compared  to  predicted  frequencies  show  the 
same  trend  noted  in  comparing  GVT  results  with  free-free  vibration  analysis 
results  discussed  in  paragraph  3.4.  The  second  and  ninth  modes  are  signifi- 
cantly higher  in  frequency  and  the  seventh  is  apparently  significantly  lower. 
Identities  of  the  sixth  and  seventh  modes,  shown  in  Table  VIII,  are  tentative 
and  were  established  from  the  limited  ground  vibration  test  data  available. 

The  model  was  modified  slightly  between  the  two  tunnel  entries,  so  the  predicted 
and  actual  mode  frequencies  are  not  identical  for  the  two  entries. 

The  ground  vibration  tests  were  conducted  in  the  tunnel  to  ensure 
the  model  had  not  changed  structurally  while  being  transported  and  installed 
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Figure  23.  Outboard  Wing  Vertical  Acceleration  Due  to  Shaker  Force  Co-Quad 
Plot  Pre-Test  GVT  in  Tunnel  on  Cables  and  Soft  Spring 


TABLE  VIII.  RESTRAINED  MODEL  SYMMETRIC  GROUND  VIBRATION 
TEST  RESULTS-COUPLED  MODE  FREQUENCIES 


PHASE  I 

MODEL 

PHASE  II 

MODEL 

MODE 

PREDICTED 

(HZ) 

ACTUAL 

(HZ) 

PREDICTED 

(HZ) 

| 

EM-1 

4.32 

4.20 

4.31 

4.37 

EM-2 

8.93 

10.10 

8.93 

10.25 

EM-3 

10.57 

10.80 

10.63 

10.80 

EM-4 

11.39 

11.20 

11.45 

11.00 

EM-5 

11.78 

11.80 

11.84 

11.95 

EM-6 

13.15 

12.90 

13.10 

12.95 

EM-7 

15.45 

13.50 

15.18 

13.85 

EM-8 

16.82 

15.90 

16.77 

16.60 

EM-9 

18.63 

19.00 

18.91 

19.55 

Note:  Model  supported  by  soft  spring  and  restrained 

by  mount  system  cables  in  tunnel  test  section 
during  the  ground  vibration  test. 


in  the  tunnel.  It  should  be  noted  that  some  of  the  differences  between  the 
Phase  I and  Phase  II  measured  frequencies  can  be  attributed  to  higher  cable 
tension  in  the  second  entry.  The  Phase  II  tests  were  conducted  with  about  95 
pounds  nominal  cable  tension,  about  10  pounds  more  than  used  in  the  first 
entry.  This  change  in  cable  tension  was  not  incorporated  into  the  Phase  II 
vibration  and  flutter  analyses.  The  cable  tension  was  increased  for  the  Phase 
II  tests  to  provide  better  model  rigid  body  lateral  stability  at  the  higher 
dynamic  pressure  conditions  to  be  tested. 

5.2  Wind  Tunnel  Tests 

The  Phase  I and  Phase  II  wind  tunel  tests  were  conducted  using  95 
percent  freon,  5 percent  air,  as  the  test  fluid.  The  Phase  I tests  were  con- 
ducted to  verify  validity  of  the  model  in  representing  the  airplane  flutter 

characteristics.  All  data  required  for  final  correlation  with  model  analytical 
and  airplane  flight  test  results  were  obtained  in  the  Phase  II  testing. 


5.2.1  Phase  I Wind  Tunnel  Tests 

In  addition  to  the  model  verification,  testing  was  conducted  during 
the  first  entry  to  verify  the  FMCS  performance  and  to  evaluate  possible  sub- 
critical  testing  techniques.  A summary  of  the  testing  conducted  is  presented 
in  Table  IX.  The  testing  accomplished  was  equivalent  to  that  planned  for  the 
airplane  flight  tests,  except  for  the  randomdec  method.  The  model  elevator 
was  not  operative  during  this  entry,  so  model  responses  to  e.^vator  could  not 
be  obtained  as  was  planned  for  the  Fuel  Configuration  3 flight  tests. 

The  Q-"g  and  Q-f  plots  shown  in  Figure  24  summarize  the  model  flutter 
testing  accomplished  during  this  tunnel  entry.  The  model  flutter  point  was 
extrapolated  out  to  about  55  psf  dynamic  pressure,  about  10  psf  higher  than 
the  45.6  psf  predicted  analytically.  The  flutter  mode  is  obviously  better 
damped  with  the  FMCS  on,  but  not  as  well  damped  as  predicted  above  40  psf. 

The  FMCS  aileron  and  flaperon  channel  feedback  gains  were  doubled,  and  the 
resulting  flutter  mode  damping  was  significantly  higher  than  predicted  for  the 
nominal  FMCS  gains.  The  flutter  mode  frequencies  agree  well  with  predicted 
values,  probably  within  the  accuracy  of  the  co-quad  method. 

The  difference  between  actual  and  predicted  flutter  points  was 
attributed  primarily  to  using  .005  structural  damping  for  all  but  nacelle  modes 
in  the  analysis.  Damping  of  the  modes,  estimated  during  ground  vibration  test, 
ranged  from  .012  to  .094,  with  damping  of  the  sixth  (flutter)  mode  estimated 
at  .023.  Because  a complete  set  of  mode  damping  values  was  not  obtained  and 
some  estimated  values  appeared  too  high  based  on  previous  experience,  damping 
in  the  equations  of  motion  was  not  changed.  The  lower  than  predicted  perfor- 
mance obtained  with  the  nominal  FMCS  gains  was  attributed  to  phasing  differ- 
ences at  the  flutter  mode  frequency  caused  by  the  mode  frequencies  and  damping 
being  different  than  predicted.  Hysteresis  known  to  be  present  in  the  outboard 
aileron  and  flaperon  actuation  system  also  would  cause  degradation  in  system 
performance.  The  aileron  and  flaperon  surface  effectiveness  may  have  been 
lower  than  used  in  the  analyses.  Flight  test  results  for  Fuel  Configuration 
3 (equivalent  to  the  model)  showed  similar  trends  for  the  basic  airplane 
flutter  speed  and  FMCS  performance  with  the  same  gains. 
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Figure  24.  Flutter  Mode  Damping  and  Frequency  - 
Phase  I Wind  Tunnel  Test  Results 


Results  of  evaluation  of  model  subcritical  flutter  testing  methods 
showed  the  co-quad  method  using  either  outboard  aileron  or  flaperon  control 
surfaces  to  excite  the  modes  provided  the  best  results.  The  transient  methods, 
tuned  frequency  dwell  and  clamp  and  one-cycle  sine  wave  pulses,  did  not  produce 
strip  chart  time  history  data  that  could  be  used  to  estimate  damping  because 
tunnel  turbulence  masked  any  decay  caused  by  the  input.  The  randomdec  method 
worked  well  near  flutter  because  it  could  give  good  damping  estimates  (at  low 
damping)  with  only  the  tunnel  turbulence  exciting  the  model. 

Outboard  flaperon  segment  total  hinge  moments  were  measured  during 
this  entry  by  measuring  current  to  the  torque  motor.  The  results  were  not 
satisfactory  due  to  sensitivity  being  too  low  for  the  low  torque  values  to  be 
measured. 

5.2.2  Phase  II  Wind  Tunnel  Tests 

The  data  required  for  correlation  with  airplane  flight  test  results 
was  obtained  during  the  second  wind  tunnel  entry.  A detailed  test  plan  (see 
Appendix  II)  was  prepared  to  obtain  model  data  using  testing  methods  similar  to 
the  methods  used  in  flight  flutter  testing. _ The  test  plan  was  prepared  from 
an  optimistic  point  of  view  so  the  full  period  scheduled  for  testing  this  model 
could  be  utilized  in  obtaining  data  meeting  the  objectives  of  the  overall  ^tudy. 
Although  no  major  problems  arose  during  the  wind  tunnel  testing,  not  all  of  the 
items  shown  in  the  test  plan  were  completed  due  to  lack  of  time  or  because  the 
quality  of  the  data  did  not  warrant  spending  the  time  to  accomplish  the  testing. 
In  other  words,  each  item  of  testing  was  assigned  a priority,  with  the  highest 
priority  including  the  minimum  testing  required  to  meet  the  objectives.  The 
test  plan  was  followed,  in  general,  but  with  some  flexibility  at  the  discretion 
of  the  NASA  test  director. 

A summary  of  the  testing  accomplished  is  presented  in  Table  X.  The 
table  also  indicates  the  data  obtained.  The  co-quad  and  randomdec  data  was 
obtained  on-line  during  the  wind  tunnel  testing  to  provide  a continuous  esti- 
mate of  the  flutter  mode  damping.  Because  only  one  sensor  output  could  be 
monitored,  some  of  the  co-quad  data  was  plotted  from  recorded  data  tapes  after 
the  testing  was  completed.  The  frequency  response  (amplitude  and  phase  versus 
frequency)  plots  were  also  obtained  after  completion  of  the  tests.  Copies  of 
some  of  the  test  co-quad  plots  are  shown  in  Section  6.  Reference  6 contains  a 
copy  of  all  data  plots  used  to  form  results  and  conclusions  discussed  in  this 
report.  This  data  document  also  contains  a complete  listing  of  wind  tunnel 
test  conditions  (dynamic  pressure,  Mach  number,  mass  density,  temperature,  etc. ) . 

The  inboard  and  outboard  wing  accelerometers  required  for  the  FMCS 
were  rewired  between  the  two  wind  tunnel  entries  to  bring  right  and  left  wing 
vertical  accelerometer  signals  out  of  the  model  separately.  This  was  done  to 
detect  any  antisymmetric  motion  picked  up  in  the  accelerometers.  The  signals 
were  averaged  on  the  analog  computer  as  required  for  the  FMC  system,  with  the 
outboard  accelerometers  feeding  the  aileron  channel  and  inboard  accelerometers 
feeding  the  flaperon  channel.  Only  minor  differences  were  noted  between  right 
and  left  hand  accelerometer  outputs  for  a given  test  condition.  The  wind 
tunnel  data  discussed  in  Section  6 is  all  for  right  wing  sensors. 

Before  the  second  wind  tunnel  entry,  a strain  gaged  torsional  link 
was  installed  in  the  right  hand  flaperon  linkage  just  inboard  of  the  control 
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surface.  The  strain  gages  were  calibrated  to  read  hinge  moment  on  the  surface. 
The  hinge  moment  data  is  discussed  in  paragraph  6.2.3. 

Items  1,  2 and  3 shown  in  Table  X provided  the  flutter  data  re- 
quired for  correlation  with  the  airplane.  The  8-minute  logarithmic  outboard 
aileron  sweeps  provided  the  best  flutter  data.  As  the  flutter  condition  (with 
FMCS  off)  was  approached,  the  randomdec  method,  described  in  Section  6,  gave 
good  damping  estimates.  The  highest  dynamic  pressure  condition  tested  with 
the  FMCS  on  was  62.6  psf,  about  4.2  psf  above  the  T MCS  off  flutter  point.  This 
condition  was  roughly  equivalent  to  the  10  KCAS  above  basic  airplane  flutter 
point  flown  during  the  Fuel  Configuration  3 flight  tests.  Aileron  frequency 
sweep  tests  were  conducted  up  to  about  60  psf.  The  flutter  mode  damping  was 
increasing  with  increasing  dynamic  pressure  and  higher  conditions  could  have 
been  tested.  The  elevator  one-cycle  sine  wave  pulse  data  was  masked  by  the 
tunnel  turbulence  as  was  similar  aileron  pulse  data  during  Phase  I testing. 

The  data  was  processed  with  the  randomdec  method  using  6 to  8 degree  elevator 
pulse  commands  every  four  seconds  for  about  40  second:.  However,  the  damping 
estimates  obtained  were  no  better  above  about  .05  structural  damping  than  ob- 
tained from  the  randomdec  using  only  tunnel  turbulence  to  excite  the  model. 

Flutter  mode  damping  estimates  were  made  from  canard  and  flaperon 
sweep  co-quad  plots,  but  the  flaperon  sweeps  were  conducted  primarily  to  ob- 
tain right  hand  flaperon  total  hinge  moment  measurement.  The  flaperon  dwell 
testing  at  tuned  frequencies  provided  data  to  check  validity  of  the  hinge 
moment  data  obtained  from  continuous  sweeps. 

The  short  duration  aileron  sweeps,  Items  7,  8 and  9,  were  conducted 
to  simulate  the  0.5  to  5.0  Hz,  2 minute  sweeps  conducted  in  the  airplane  flight 
tests.  Little  model  response  was  observed  during  the  short  duration  sweeps, 
even  at  the  flutter  mode  frequency.  NASA  processed  the  data  using  a digital 
computer  program.  The  40  second  sweep  data  was  usable,  but  the  20  second  sweep 
data  was  distorted  so  that  frequency  and  damping  estimates  could  not  be  made. 
None  of  the  resulting  data  plots  are  available  for  inclusion  in  this  report. 

Model  responses  to  vertical  gust,  generated  by  the  tunnel  gust 
vanes,  were  obtained  with  the  FMCS  off  and  on  to  demonstrate  the  capability 
of  the  system  to  function  in  a gust  environment. 

The  FMC  system  was  tested  with  variations  in  flaperon  and  aileron 
channel  gains  and  filter  time  constants  and  ±1.0  degree  limits  on  surface  com- 
mands in  both  channels.  This  testing  was  accomplished  to  determine  sensitivity 
of  the  system  to  gain  and  phase  variations  and  to  system  saturation. 

All  of  the  testing  listed  in  Items  1 through  11  were  conducted  at 
.00499  slug/ft3  nominal  tunnel  fluid  mass  density,  which  is  equivalent  to  the 
airplane  Fuel  Configuration  3,  21,000  foot  altitude,  flight  test  condition. 

The  system  was  evaluated  at  about  .0073  slug/ft3  density  to  demonstrate  per- 
formance of  the  system  at  lower  altitude  (about  9300  feet).  This  testing  was 
planned  to  be  accomplished  at  5400  feet  equivalent  altitude,  but  due  to  a 
limited  freon  supply  at  the  time  of  the  testing,  the  .008  slug/ft3  density 
could  not  be  reached. 

A detailed  discussion  of  the  Phase  II  test  results  is  presented 
in  Section  6,  where  wind  tunnel  data  is  compared  to  model  analytical  and  air- 
plane flight  test  results. 


56 


6.0 


DATA  REDUCTION  AND  CORRELATION 


The  primary  objective  of  this  program  was  to  obtain  wind  tunnel 
test  data  on  an  aeroelastic  model  of  the  CCV  flight  test  airplane  equipped  with 
an  active  flutter  mode  control  system  (FMCS)  to  permit  comparison  of  model  re- 
sults with  model  analytical  and  airplane  flight  test  results.  This  correlation 
of  data  is  discussed  in  the  following  paragraphs.  The  comparisons  include 
flutter  behavior  of  the  test  vehicles  with  the  FMCS  off  as  well  as  performance 
of  the  system  on  both  vehicles. 

To  provide  data  for  the  correlation,  model  testing  was  conducted 
using  the  same  testing  techniques  that  were  employed  during  the  flight  flutter 
testing.  Transient  and  steady  state  dynamic  response  methods  were  used  during 
both  the  wind  tunnel  and  flight  testing.  But,  due  to  turbulence  in  the  tunnel 
airstream,  the  model  transient  responses  were  masked  to  the  point  modal  damping 
estimates  could  not  be  made  with  consistent  accuracy.  Steady  state  sinusoidal 
responses  to  the  outboard  aileron  control  surface  8-minute  logarithmic  4 to  24 
Hz  frequency  sweeps,  plotted  in  the  in-phase  and  out-of-phase  component  form, 
provided  the  best  model  subcritical  flutter  data.  These  tests  were  conducted 
up  to  near  the  model  flutter  condition  with  the  FMCS  off,  and  above  this 
flutter  condition  with  the  system  on. 

Steady-state  dynamic  response  testing  on  the  airplane  could  be  con- 
ducted only  at  speeds  less  than  87  percent  of  the  basic  airplane  flutter  speed 
due  to  safety  requirements . Thus,  the  airplane  transient  response  data  is  more 
complete  and  flutter  mode  damping  estimates  were  made  using  logarithmic  decre- 
ment techniques  applied  to  strip  chart  recordings  of  the  transient  responses. 

Model  testing  was  also  conducted  with  variations  in  the  FMCS  and 
tunnel  density.  The  results  of  this  testing,  and  model  responses  to  sinu- 
soidal gust  vanes,  are  discussed  in  paragraph  6.3. 

6.1  Model  Test  and  Analytical  Data  Comparison 

The  objective  of  correlating  model  test  results  with  analytical  re- 
sults is  to  determine  how  well  the  analytical  equations  of  motion  describe  the 
model  dynamic  characteristics.  This  correlation  is  accomplished  through  com- 
parison of  damping  and  frequencies  of  the  dominant  modes  estimated  from  Phase 
II  wind  tunnel  test  results  with  predicted  values. 

6.1.1  Dominant  Mode  Comparisons 

Figure  25  shows  the  flutter  mode  damping  and  frequency  as  a function 
of  model  dynamic  pressure  for  the  wind  tunnel  test  results  and  analytical  re- 
sults obtained  from  roots  of  the  characteristic  equation.  The  basic  model 
flutter  dynamic  pressure  is  about  10  psf  higher  than  the  equations  of  motion 
predicted.  The  test  data  plot  shows  the  slope  of  the  Q-'g  curve  increases 
around  45  psf  and  decreases  again  about  52  psf  to  the  58.4  psf  flutter  point. 
Damping  at  all  points  except  the  flutter  point  was  estimated  from  plots  of  the 
in-phase  (coincident)  and  out-of-phase  (quadrature)  components  (co-quad  plots) 
of  wing  vertical  acceleration  due  to  outboard  aileron  frequency  sweeps.  The 
flutter  point  was  established  with  only  the  tunnel  turbulence  exciting  the 
model.  The  test  data  shows  better  damping  than  predicted  at  low  dynamic 
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Figure  25.  Flutter  Mode  Damping  and  Frequency  - 
Phase  II  Wind  Tunnel  Test  Results 
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pressure,  which  is  consistent  with  the  higher  flutter  point.  The  measured 
frequency  values  were  estimated  from  the  co-quad  plots,  which  could  explain 
some  of  the  difference  in  frequencies,  as  discussed  below. 

The  flutter  mode  control  system  increases  the  flutter  mode  damping, 
especially  above  40  psf  dynamic  pressure  as  the  basic  model  damping  starts  de- 
creasing dramatically.  But,  the  damping  values  measured  in  the  tunnel  are 
significantly  lower  than  predicted  for  the  same  FMCS  feedback  gains.  The  lower 
damping  appears  to  be  due  to  phasing  different  than  predicted  due  to  mode  fre- 
quencies and  damping  being  different  and  because  of  aileron  and  flaperon  hysteresis. 

The  measured  flutter  mode  frequency  is  slightly  higher  with  the  FMCS 
on,  instead  of  lower  than  with  FMCS  off  as  predicted.  This  could  be  due  in  part 
to  the  method  used  to  estimate  modal  frequencies  on  a co-quad  plot.  The  co-quad 
plots  shown  in  Figures  26  and  27,  with  the  FMCS  off  and  on,  respectively,  can  be 
used  to  show  the  difficulty  in  estimating  frequency  and  damping  from  a co-quad 
plot.  The  method  used  was  developed  for  a single  degree  of  freedom  system,  as 
discussed  in  Reference  7. 

Using  Figure  26  as  an  example,  the  flutter  mode  damping  can  be 
estimated  using  the  equation 


where  f.  is  the  frequency  in  Hertz  of  the  first  relative  maximum  or  minimum 
point  on  the  in-phase  component  plot  higher  in  frequency  than  the  flutter 
mode  and  fB  is  the  frequency  at  the  relative  minimum  or  maximum  below  the 
flutter  mode.  The  flutter  mode  undamped  natural  frequency  is  at  the  relative 
maximum  or  minimum  amplitude  of  the  out-of-phase  component  that  occurs  between 
fA  and  fR.  By  examining  the  in-phase  component,  a relative  maximum  occurs  at 
about  1272  Hz  and  a relative  minimum  at  13.6  Hz.  From  the  analysis  results, 
it  is  known  the  flutter  mode  should  have  about  12.7  Hz  natural  frequency.  Thus 
fA  = 13.6  Hz  and  fB  = 12.2  Hz.  The  actual  mode  frequency  is  at  the  relative 
minimum  that  occurs  in  the  out-of-phase  component  between  fA  and  fB.  This 
frequency  is  estimated  to  be  13.0  Hz.  The  mode  damping  is  calculated  as  .108, 
using  the  above  equation.  For  Figure  27,  with  the  FMCS  on,  the  damping  of  the 
flutter  mode  is  estimated  (calculated)  as  .106  with  f/\  = 13.9  Hz  and  fg  = 12.5 
Hz,  and  the  flutter  mode  frequency  is  13.4  Hz.  Note  that  the  accuracy  of  this 
method  increases  as  the  response  approaches  that  of  a single  second  order 
system;  i.e.,  when  the  mode  damping  becomes  small  and/or  the  residue  of  all 
other  modes  makes  them  insignificant. 

Analytical  co-quad  plots  for  this  nominal  condition  are  shown  in 
Figure  28  for  FMCS  off  and  Figure  29  with  FMCS  on,  for  the  same  system  feedback 
gains.  Comparing  Figures  26  and  28,  both  the  in-phase  and  out-of-phase  compo- 
nents indicate  the  flutter  mode  is  better  damped  than  predicted.  Note  that 
both  components  for  the  model  test  data  are  similar  to  the  analytical  plots, 
with  the  major  difference,  besides  the  flutter  mode  damping,  of  two  additional 
modes  below  the  flutter  mode  apparent  on  the  analytical  plots.  These  are  the 
second  and  third  (or  fourth)  elastic  modes.  The  fifth  elastic  mode  is  well 
damped  and  cannot  be  seen  in  either  the  test  or  analytical  data.  The  flutter 
mode  for  the  model  configuration  is  the  sixth  elastic  mode. 
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Figure  26.  Outboard  Wing  Vertical  Acceleration  Due  to 
Aileron  Command  Co-Quad  Plot  - FMCS  Off 


Outboard  Wing  Vertical  Acceleration  Due  to 
Aileron  Command  Co-Quad  Plot  - FMCS  On 
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Figure  30  shows  Q-g  and  Q-f  plots  for  the  mode  just  lower  in  fre- 
quency than  the  flutter  mode  that  can  be  seen  in  the  test  data.  The  FMCS  off 
frequencies  agree  well  with  frequencies  predicted  for  the  third  elastic  mode, 
Figure  31.  But,  the  FMCS  on  frequencies  agree  with^those  predicted  for  the 
fourth  mode,  shown  in  Figure  32.  The  analytical  Q-"g  and  Q-f  plots  for  the 
second  elastic  mode  are  shown  in  Figure  33,  but  this  node  was  not  observable 
in  the  test  data.  GVT  results  discussed  previously  showed  this  mode  higher 
in  frequency  than  predicted. 

The  mode  lowest  in  frequency  shown  in  the  test  data  of  Figures  26 
and  27  is  the  first  elastic  mode  (first  wing  vertical  bending).  Figures  34 
and  35  show  Q-g'  and  Q-f  plots  for  this  mode  for  test  and  analytical  data, 
respectively.  Mode  frequencies  with  the  FMCS  off  and  on  show  good  agreement, 
and  the  damping  values  are  reasonably  close  considering  the  high  damping 
levels  measured  from  the  test  co-quad  plots. 

The  seventh  elastic  mode  also  cannot  be  seen  in  the  test  co-quad 
plots  shown  in  Figures  26  and  27.  As  noted  above  in  the  discussion  of  GVT 
resul ts,  this  mode  appears  to  be  about  two  Hz  lower  in  frequency  than  predicted 
and  its  mode  shape  is  different.  The  mode  at  16.85  Hz  in  Figure  26  is  the 
eighth  elastic  mode.  Q-g*  and  Q-f  plots  for  this  mode  are  shown  in  Figure  36 
for  test  data  and  Figure  37  for  analytical  results.  The  frequencies  measured 
with  the  FMCS  off  agree  very  well  with  predicted  values,  but  the  FMCS  on  values 
are  higher  and  increase  dramatically  above  about  50  psf.  Both  the  FMCS  off  and 
on  damping  values  are  higher  than  predicted.  This  mode  exhibits  strong  in- 
board nacelle  vertical  motion  which  could  be  readily  observed  visually  during 
the  wind  tunnel  tests. 

Results  of  comparing  the  model  test  and  analytical  results  follow 
the  trend  noted  in  paragraphs  3.4  and  5.1  in  discussing  the  ground  vibration 
test  results.  The  actual  flutter  point  was  about  10  psf  higher  in  dynamic 
pressure  than  predicted,  in  both  series  of  wind  tunnel  tests.  The  flutter 
mode  control  system  was  able  to  increase  the  flutter  mode  damping,  but  not  as 
effectively  as  predicted. 

In  general,  good  agreement  was  attained  for  the  first,  third  (FMCS 
off),  sixth  and  eighth  elastic  modes  as  found  in  comparing  the  test  and  analy- 
tical co-quad  plots.  The  fifth  elastic  mode  cannot  be  seen  in  either  response. 
The  second,  fourth  and  seventh  elastic  modes  cannot  be  seen  in  the  test  res- 
ponse while  all  three  are  apparent  in  the  analytical  responses.  Regardless  of 
these  differences,  the  equations  of  motion  possessed  sufficient  accuracy  to 
predict  a model  configuration  that  would  flutter  and  permitted  synthesis  of  a 
closed  loop  system  to  control  the  flutter  mode. 

6.1.2  Phase  I and  Phase  II  Test  Results  Comparison 

A comparison  of  Figure  25  with  the  results  of  the  Phase  I tests 
shown  in  Figure  24  shows  some  obvious  differences  between  the  basic  model  and 
the  FMCS  performance  attained  in  the  two  entries.  The  basic  model  flutter 
point  was  predicted  at  45.6  psf  dynamic  pressure  for  the  model  as  tested  in 
Phase  I,  and  48.5  psf  for  Phase  II.  The  actual  Phase  II  flutter  point  was  at 
58.4  psf  and  the  Phase  I point  was  estimated  to  be  about  55  psf.  Thus,  the 
higher  basic  model  flutter  point  between  the  two  entries  agrees  with  the 
predicted  trend. 
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Figure  30.  Second  Observable  Elastic  Mode  Damping 
and  Frequency  - Wind  Tunnel  Test  Data 
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Figure  32.  Fourth  Elastic  Mode  Damping  and  Frequency  - 
Theoretical  Characteristic  Equation  Roots 
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Figure  33.  Second  Elastic  Mode  Damping  and  Frequency  - 
Theoretical  Characteristic  Equation  Roots 
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Figure  34.  First  Elastic  Mode  Damping  and 

Frequency  - Wind  Tunnel  Test  Data 
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Figure  35.  First  Elastic  Mode  Danping  and  Frequency  - 
Theoretical  Characteristic  Equation  Roots 
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Figure  36.  Eighth  Elastic  Mode  Damping  and 
Frequency  - Wind  Tunnel  Test  Data 
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Figure  37.  Eighth  Elastic  Mode  Damping  and  Frequency  - 
Theoretical  Characteristic  Equation  Roots 
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The  flutter  mode  damping  values  with  the  FMCS  on  obtained  in  the 
second  wind  tunnel  entry  are  almost  the  same  as  attained  during  Phase  I with 
the  lower  "nominal"  gains.  Feedback  gains  had  been  increased  by  a factor  of 
two  in  the  aileron  channel  and  1.25  in  the  flaperon  channel  for  the  Phase  II 
tests  to  give  FMCS  performance  similar  to  that  predicted  for  the  "nominal" 
gains  used  in  Phase  I.  Thus,  increasing  the  FMCS  feedback  gains  appears  to 
have  had  negligible  effect  on  the  FMCS  performance.  Note  that  when  the  gains 
were  doubled  during  the  Phase  I testing,  significantly  better  performance  was 
attained  (see  Figure  24). 

Some  changes  were  made  on  the  model  and  instrumentation  between 
the  two  tunnel  entries.  Wing  tip  mass  properties  were  corrected  and  all  ele- 
vator actuation  system  components  were  installed  so  the  elevator  could  be  used 
to  excite  the  model  modes  during  the  wind  tunnel  testing.  The  mass  changes 
incurred  through  these  two  modifications  were  included  in  the  Phase  II  analy- 
ses. Another  model  change  involved  correcting  a slight  misalignment  of  the 
aft  fuselage  main  spar.  The  ground  vibration  test  conducted  in  the  tunnel 
before  the  second  entry  showed  some  differences  in  mode  frequencies  from  the 
first  entry,  with  the  differences  not  as  predicted.  But,  the  cable  tension 
was  10  pounds  higher  in  the  second  entry  than  in  the  first,  and  this  could 
account  for  some  of  the  difference  in  the  GVT  resul  ts  and  the  FMCS  performance. 

In  the  first  entry,  left  and  right  wing  accelerometers  were  wired 
inside  the  model  to  produce  voltages  proportional  to  average  inboard  and  out- 
board vertical  accelerations.  The  wiring  was  revised  before  the  second  entry 
to  bring  each  accelerometer  output  out  of  the  model  separately,  and  the  aver- 
ages were  formed  on  the  analog  computer  for  the  FMC  system.  Some  low  frequency 
drift  in  the  accelerometer  outputs  was  observed , but  the  washouts  in  the  aileron 
and  flaperon  channels  of  the  FMCS  prohibited  any  d.c.  level  from  reaching  the 
control  surface  actuation  systems. 

Control  surface  hysteresis  was  reduced  between  the  two  entries, 
which  should  have  improved  the  FMCS  performance  as  discussei  in  Section  4. 

The  reduced  performance  of  the  system  appears  to  be  due  to  additional  phase 
lag  in  either  the  model  or  the  system  itself  at  the  flutter  mode  frequency. 

But,  no  known  difference  in  the  model  or  instrumentation  could  be  identified 
as  causing  a significant  phase  difference. 

6.1.3  Additional  Discussion  of  Model  Data 

All  model  test  damping  and  frequency  value,  discussed  so  far  were 
estimated  from  co-quad  plots  of  right  hand  outboard  wing  vertical  acceleration 
due  to  outboard  aileron.  The  outboard  flaperons  and  horizontal  canards  were 
also  used  to  excite  the  model,  and  co-quad  plots  were  obtained  for  both  inboard 
and  outboard  wing  vertical  acceleration  due  to  these  surfaces.  Flutter  mode 
damping  estimates  were  made  from  these  plots,  as  well  as  through  the  Randomdec 
method  discussed  in  Reference  8. 

Figure  38  shows  the  flutter  mode  damping  and  frequency  estimated 
from  co-quad  plots  of  inboard  wing  vertical  acceleration  due  to  outboard  ailer- 
on frequency  sweeps.  In  general,  the  subcritical  damping  values  are  lower  than 
those  shown  in  Figure  25  for  the  outboard  sensor  location.  The  same  flutter 
point  is  predicted,  and  the  damping  estimates  above  50  psf  dynamic  pressure  are 
similar.  The  flutter  mode  frec'^ncy  estimates  are  lower  with  both  FMCS  off  and 
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igure  38.  Flutter  Mode  Damping  and  Frequency  Obtained 
From -Co-Quad  Plots  of  Inboard  Wing  Vertical 
Acceleration  Due  to  Outboard  Aileron 


on,  except  at  28  psf  dynamic  pressure,  but  still  higher  than  predicted.  Either 
could  be  correct,  but  the  outboard  wing  responses  were  used  because  damping  and 
frequency  estimates  could  be  made  for  more  modes  from  the  co-quad  plots. 

A comparison  of  FMCS  off  flutter  mode  damping  and  frequency  esti- 
mates made  from  outboard  wing  vertical  acceleration  responses  to  flaperon  and 
aileron  is  shown  in  Figure  39,  and  Figure  40  offers  the  same  comparison  for 
inboard  wing  vertical  acceleration  responses.  Figure  39  shows  little  difference 
in  damping  or  frequency  for  the  outboard  wing  responses  to  the  two  surfaces,  but 
Figure  40  does  show  a significant  difference  in  both  damping  and  frequency.  The 
results  for  aileron  sweep  were  obtained  during  the  same  test  run,  as  were  the 
flaperon  responses.  The  damping  and  frequency  differences  are  due  to  differ- 
ences in  the  inboard  wing  vertical  acceleration  responses  to  the  two  surfaces. 

A limited  number  of  conditions  were  tested  using  the  horizontal 
canards  to  excite  the  model.  Damping  and  frequency  estimates  for  the  flutter 
mode  made  from  outboard  and  inboard  wing  vertical  acceleration  co-quad  plots 
are  shown  in  Figures  41  and  42,  respectively.  Neither  plot  shows  any  signifi- 
cant difference  from  the  results  shown  in  Figure  25. 

Some  definite  conclusions  can  be  drawn  from  this  data.  First,  it 
points  out  that  both  damping  end  frequency  estimates  will  vary  depend! ng  on 
which  sensor/surface  combination  is  used.  Secondly,  as  was  discussed  briefly 
in  paragraph  6.1.1,  some  difficulty  is  encountered  in  estimating  the  mode  fre- 
quencies required  for  damping  estimates  or  for  the  undamped  natural  frequency 
No  two  people  working  independently  would  obtain  exactly  the  same  damping  and 
frequency  estimates  for  all  the  modes  on  a given  co-quad  plot.  This  method  is 
still  the  best,  for  this  particular  model,  for  estimating  mode  damping  and 
frequency  at  subcritical  conditions,  but  care  must  be  exercised  in  applying 
the  method. 

The  Q-’g  and  Q-f  plots  shown  in  Figure  43  offer  the  opportunity  to 
evaluate  the  accuracy  of  the  co-quad  method  for  estimating  modal  damping  and 
frequency.  Data  for  these  plots  was  taken  from  analytical  co-quad  plots,  and 
the  damping  and  frequency  plots  should  agree  with  those  shown  in  Figure  25  for 
predicted  results.  The  damping  and  frequency  for  FMCS  off  agree  very  well , 
but  with  FMCS  on  the  damping  estimates  are  high  and  the  frequency  estimates 
are  significantly  higher  (more  than  1.0  Hz  at  45  psf)  than  obtained  from  roots 
of  the  characteristic  equation.  This  indicates  tiat  when  modal  damping  is  high 
and  other  modes  close  in  frequency  have  similar  or  lower  damping,  accuracy  ot 
the  method  decreases. 

Another  method  of  estimating  the  flutter  mode  damping  that  required 
only  the  tunnel  turbulence  to  excite  the  model  was  also  used  during  the  wind 
tunnel  tests.  This  method,  referreo  tc  as  "randomdec",  assumes  the  sensor  ou 
put  consists  of  components  due  to  step,  impulse  and  random  disturbances  (Ref- 
erence 8).  The  sensor  output  is  filtered  and  processed  electronically,  leaving 
only  the  step  response  from  which  damping  estimates^can  be  made  using  the 
logarithmic  decrement  technique.  Figure  44  shows  a Q-g  plot  obtained  from  . 
randomdec  signatures.  The  results  agree  fairly  well  with  those  obtained  using 
the  co-quad  method.  This  method  works  best  for  a very  lightly  damped  mode, 
such  as  the  flutter  mode  near  flutter,  and  no  external  distrubance  other  than 
tunnel  turbulence  is  required  to  excite  the  model. 
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Figure  39.  FMCS  Off  Flutter  Mode  Damping  and  Frequency  - 
Comparison  of  Values  Obtained  from  Co-Quad 
Plots  of  Outboard  Wing  Vertical  Acceleration 
Due  to  Flaperon  and  Aileron 
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Figure  40.  FMCS  Off  Flutter  iTode  Damping  and  Frequency  - 
Comparison  of  Values  Obtained  from  Co-Quad 
Plots  of  Inboard  Wing  Vertical  Acceleration 
Due  to  Flaperon  and  Aileron 
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Figure  44.  Flutter  Mode  Damping  - Comparison  of 
Randomdec  and  Co-Quad  Values 


6.2 


Model  and  Airplane  Test  Data  Comparison 


The  objective  of  correlation  of  model  test  data  with  the  CCV  pro- 
gram Fuel  Configuration  3 flight  test  results  is  to  determine  how  well  the 
model  predicts  the  airplane  flutter  characteristics.  The  correlation  is  accom- 
plished primarily  through  comparison  of  model  and  airplane  flutter  mode  V- g and 
V-f  plots.  Aerodynamic  hinge  moments  obtained  during  the  wind  tunnel  and  fl ight 
tests  for  the  outboard  segment  flaperons  are  also  compared.  A discussion  of 
airplane  flight  test  results  for  the  three  CCV  fuel  configurations  is  included 
in  Reference  9. 


6.2.1  Comparison  of  Flutter  Mode  Characteristics 

Model  and  airplane  flutter  characteristics,  with  the  FMCS  off  and 
on,  are  summarized  in  the  V-'g  and  V-f  plots  shown  in  Figure  45.  Velocity  in 
knots  true  airspeed  is  used  to  facilitate  comparison  of  model  data  with  air- 
plane results.  The  model  damping  and  frequency  values  are  the  same  as  those 
shown  in  Figure  25,  but  shown  here  in  airplane  velocity  scale.  The  airplane 
damping  and  frequency  values  were  taken  from  plots  on  pages  56  and  58  of  Ref- 
erence 10.  These  values  were  estimated  from  strip  chart  recordings  of  left 
hand  wing  tip  chordwise  acceleration  response  due  to  a one  cycle  „ine  wave 
elevator  command.  The  responses  were  filtered  electronically  to  approximately 
double  integrate.  Damping  estimates  '"'ere  made  using  the  logarithmic  decrement 
method  normally  applied  to  transient  responses. 

The  basic  airplane  flutter  speed  is  455.6  KTAS  (339  KCAS),  while 
the  model  fluttered  at  492^3  KTAS  (in  airplane  scale),  only  8.1  percent  higher 
than  the  airplane.  The  V-'g  plots  show  that  at  lower  airspeeds,  the  model 
flutter  mode  damping  measured  during  the  wind  tunnel  tests  is  nearly  twice 
that  measured  for  the  airplane.  As  speed  increases,  the  damping  agrees  better 
until  the  model  plot  flattens  out  around  450  KTAS.  The  model  and  airplane 
flutter  mode  frequencies  agree  very  well  for  both  FMCS  off  and  on. 

The  model  had  been  predicted  to  flutter  at  about  452.4  KTAS,  7.2 
percent  higher  than  the  airplane  predicted  flutter  velocity,  422.2  KTAS.  Thus, 
th?  model  and  airplane  flutter  speeds  compare  about  as  was  predicted  analytic- 
ally. The  predicted  FMCS  off  V-g  and  V-f  plots  for  model  and  airplane  are 
shown  in  Figure  46. 

As  shown  on  Figure  45,  the  FMCS  appears  to  be  a little  more  effec- 
tive on  the  model  than  on  the  airplane,  bu*  this  may  be  due  in  part  to  the 
different  methods  used  to  estimate  damping.  The  FMCS  gains  were  the  same  for 
the  model  and  airplane,  and  the  shaping  filters  were  scaled  to  model  frequency 
scale  for  the  wind  tunnei  tests.  The  model  and  airplane  actuation  system  fre- 
quency responses  were  very  similar  in  their  respective  frequency  scales  up  to 
above  the  flutter  mode  frequencies.  The  two  systems  then  were  functionally 
identical.  Note  that  airplane  flutter  mode  damping  estimates  were  made  over 
a limited  range  of  airspeeds  for  this  configuration.  In  this  range,  the  gen- 
eral shape  of  the  two  V-'g  plots  is  similar  in  that  both  show  a definite  dip 
in  flutter  :iode  damping  near  the  FMCS  off  flutter  points. 

Figure  47  shows  V-g* and  V-f  plots  obtained  from  airplane  co-quad 
plots  with  FML3  off  and  on  at  four  subcritical  airspeeds.  The  open  loop  damp- 
ing values  estimated  from  the  co-quad  plots  are  higher  than  those  in  thic  region 
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Figure  47.  Airplane  Flutter  Mode  Damping  and  Frequency 
Obtained  from  Outboard  Wing  Vertical  Accel- 
eration Due  to  Outboard  Aileron  Co-Quad  Plots 
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obtained  from  transient  responses,  but  the  agreement  is  better  as  damping  de- 
creases. The  FMCS  on  damping  values  are  higher  than  the  FMCS  off  values,  and 
they  appear  inconsistent  with  the  values  estimated  from  the  transient  responses 
because  damping  is  increasing  with  airspeed.  Slightly  higher  frequency  values 
were  estimated  from  the  co-quad  plots  also.  This  again  points  out  that  damping 
and  frequency  estimates  vary  with  the  method  used. 

Agreement  between  model  and  airplane  flutter  characteristics,  and 
performance  of  the  FMCS  on  the  two  vehicles  is  very  good.  Both  vehicles 
fluttered  at  higher  airspeeds  than  predicted,  but  at  about  the  same  percentage. 
Performance  of  the  FMCS  in  increasing  the  flutter  mode  damping  shows  the  same 
trend  over  the  range  flight  test  results  were  obtained. 


6.2.2 


Other  Mode  Comparisons 


Co-quad  plots  for  airplane  outboard  wing  vertical  acceleration  due 
to  0.5  to  5.0  Hz  outboard  aileron  sweeps  are  shown  in  Figure  48  for  FMCS  off 
and  Figure  49  for  FMCS  on  for  a 381  KTAS  (280  KCAS)  condition.  This  condition 
is  equivalent  to  the  tunnel  condition  at  which  the  model  co-quad  plots  of 
Figures  26  and  27  were  obtained  (384.3  KTAS  in  airplane  scale).  Comparison 
of  Figure  48  with  Figure  26,  and  Figure  49  with  Figure  27,  shows  the  plots  are 
similar,  but  some  significant  differences  are  apparent.  Note  that  Figures  26 
and  27  are  in  model  frequency  scale,  which  is  5.48  times  airplane  frequency. 
The  general  shape  of  the  airplane  co-quad  plots  looks  very  much  like  the  model 
analytical  plots  shown  in  Figures  28  and  29. 

One  difference  between  the  model  and  airplane  co-quad  plots  is 
the  mode  at  about  1.22  Hz  on  the  airplane  response.  There  should  not  be  a 
symmetric  elastic  mode  near  this  frequency,  but  this  could  be  the  first  anti- 
symmetric mode,  predicted  at  1.304  in  the  zero  airspeed,  free-free  analysis. 
This  frequency  is  6.69  Hz  in  model  scale,  and  Figure  26  does  not.  show  a mode 
near  this  frequency.  The  B-52  model  was  not  scaled  antisymmetrically.  The 
antisymmetric  mode  encountered  in  the  model  GVT was  at  8.6  Hz  for  this  condi- 
tion with  FMCS  off  and  is  probably  the  second  antisymmetric  mode. 

The  airplane  symmetric  first  elastic  mode  is  at  about  .93  Hz  with 
estimated  .255  damping  with  FMCS  off,  and  about  .93  Hz  and  .245  damping  with 
FMCS  on.  These  values  compare  to  .91  Hz  and  .141  damping  for  FMCS  off  and 
.86  Hz  and  .140  damping  with  FMCS  on  for  the  model  at  this  condition.  The 

effect  of  the  FMCS  on  this  mode  is  about  the  same  for  model  and  airplane. 

The  second  elastic  mode  was  predicted  at  1.77  Hz  with  .067  damping 
at  tin's  condition  with  FMCS  off.  The  out-of-phase  component  plot  in  Figure  48 
indicates  a well  damped  mode  between  1.5  and  1.6  Hz.  The  next  mode  appears  to 
be  the  third  elastic  mode,  and  the  fourth  mode  can  also  be  seen.  The  third 
mode  appears  to  be  similar  to  the  10.95  Hz  mode  shown  in  Figure  26,  and  the 
effect  of  the  FMCS  on  the  mode  is  similar. 

The  airplane  flutter  mode  frequency  and  damping  are  estimated  for 
this  condition  to  be  2.44  Hz  and  .082  for  FMCS  off,  and  2.54  Hz  and  .114  with 
FMCS  on.  The  corresponding  model  values  are  2.37  Hz  and  .108,  and  2.45  Hz 
and  .106  for  FMCS  off  and  on,  respectively,  in  airplane  scale.  The  seventh, 
eighth  and  ninth  elastic  modes  are  apparent  in  Figure  48,  but  only  the  eighth 
mode  was  discernible  on  the  model  plot. 
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Figure  48.  Airplane  Outboard  Wing  Vertical  Acceleration 

Due  to  Outboard  Aileron  Co-Quad  Plot  - FMCS  Off 
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Figure  49.  Airplane  Outboard  Wing  Vertical  Acceleration 
Due  to  Outboard  Aileron  Co-Quad  Plot  - FMCS  On 


88 


ft 


Thus,  the  model  provides  a good  representation  of  the  airplane 
flutter  characteristics,  with  good  correlation  of  the  first,  third,  sixth  and 
eighth  elastic  modes.  The  model  flutter  velocity  was  higher  than  the  airplane, 
as  predicted.  Performance  trend  of  the  FMCS  on  the  model  is  similar  to  that 
demonstrated  on  the  airplane.  Both  model  and  airplane  test  data  with  FMCS  on 
exhibit  a dip  in  flutter  mode  damping  near  the  FMCS  off  flutter  conditions. 


6.2.3  Outboard  Flaperon  Segment  Aerodynamic  Hinge  Moments 

The  model  and  airplane  were  both  instrumented  to  measure  total 
hinge  moment  of  the  outboard  flaperon  segment  control  surfaces  during  the  wind 
tunnel  and  flight  testing.  On  the  airplane,  the  surface  actuator  ram  had  strain 
gages  added  and  calibrated  to  read  actuator  force.  A torsional  link  was  in- 
stalled in  the  model  surface  shaft,  with  strain  gages  calibrated  to  read  moment 
about  the  surface  shaft  directly. 

Total  hinge  moment  data  was  recorded  during  the  flight  tests  at 
the  altitudes  equivalent  to  the  model  test  conditions,  with  .5  to  5.0  Hz  linear 
sweep  sine  wave  command  to  the  surfaces.  This  data  was  plotted  in  frequency 
response  form  during  the  post  test  data  reduction  with  amplitude  and  phase 
relative  to  the  surface  command  plotted  versus  frequency.  The  4.1  inch  moment 
arm  was  taken  into  account  to  convert  actuator  force  into  moment  about  the 
surface  hinge  line.  Actuator  frequency  responses  for  the  four  velocities  (225, 
250,  280  and  295  KCAS),  presented  in  Reference  11,  were  used  to  convert  the 
moment  reference  from  surface  command  to  surface  displacement  at  discrete 
frequencies.  The  surface  zero  airspeed  hinge  moment,  obtained  previously, 
were  then  subtracted  vectorially  to  give  aerodynamic  hinge  moments  relative 
to  surface  displacement. 

Airplane  aerodynamic  hinge  moment  amplitude  and  phase  for  the  four 
conditions  are  shown  in  Figures  50  and  51,  respectively.  The  amplitude  and 
phase  are  plotted  versus  reduced  velocity  with  one-half  of  the  airplane  mean 
aerodynamic  chord  used  as  the  reference  length.  The  mean  aerodynamic  chord 
for  the  B-52  airplane  is  275.5  inches. 

Model  hinge  moments  were  recorded  in  co-quad  form  during  the  wind 
tunnel  tests,  with  flaperon  displacement  used  as  reference.  The  zero  airspeed 
hinge  moment  values  were  subtracted  vectorially  at  discrete  frequencies  to 
give  aerodynamic  hinge  moments  at  the  five  conditions  tested.  Plots  of  aero- 
dynamic hinge  moment  amplitude  and  phase  are  shown  in  Figures  52  and  53,  res- 
pectively, in  airplane  scale  versus  reduced  velocity.  One-half  of  the  mean 
aerodynamic  chord  in  model  scale  was  used  as  the  reference  length. 

Comparison  of  hinge  moment  amplitudes  for  airplane  and  model, 
Figures  50  and  52,  indicate  similar  plots  over  the  common  range  of  reduced 
velocities.  The  airplane  sweeps  were  conducted  from  0.5  to  5.0  Hz,  which 
would  be  2.74  to  27.4  Hz  in  model  scale.  But,  model  sweeps  were  conducted  only 
over  the  range  4 to  24  Hz.  Thus,  the  first  two  points  on  the  four  airplane 
amplitude  plots  were  not  obtained  during  the  model  testing.  Airplane  data 
below  1.0  Hz  was  not  used  due  to  questionable  phase  data  in  the  zero  airspeed 
hinge  moment  data  caused  by  extremely  low  voltage  levels  from  the  instrument- 
ation to  the  transfer  function  analyzer.  Thus,  the  highest  reduced  velocity 
points  on  Figure  50  corresponds  to  1.0  Hz,  and  the  lowest  point  corresponds 
to  5.0  Hz. 
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O 303.2  KTAS 
□ 341.2  KTAS 
O 381.0  KTAS 
A 399.9  KTAS 


Figure  51.  Airplane  Outboard  Flaperon  Aerodynamic  Hinge 

Moment  Phase  Angle  Relative  to  Surface  Displacement 


009  L 


' W; 1 


ro 

co 

CO 

CO 

co 

+j 

4-> 

4-> 

4-J 

u_ 

U- 

U- 

U. 

u. 

\ 

*^v 

\ 

\ 

\ 

CD 

cn 

cn 

cn 

cn 

3 

3 

3 

3 

3 

i— 

r— 

p— 

oo 

tO 

<S) 

to 

00 

r>- 

o 

in 

i— 

CM 

00 

r-> 

r— 

r— 

r— 

cn 

cn 

in 

LO 

LD 

Kj- 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

<S) 

to 

* 

to 

to 

m 

to 

<c 

<£ 

< 

<c 

<c 

I — 

f — 

to 

CO 

r- 

LO 

r*. 

cn 

VO 

cn 

ro 

r\ 

cn 

CO 

LO 

n 

CO 

CO 

0 □ <1  o > 


L 


O 

O 


O 

O 

CM 


__L 

O 

O 

o 


— L 

o 

o 

00 


quawaoeidsia  soegans  63Q/qi-ui  - apnindiuy  ^uawow  a6uin 


92 


Figure  52.  Model  Outboard  Flaperon  Aerodynamic  Hinge  Moment  Amplitude 

(Airplane  Scale) 


'del  Outboard  Flaperon  Aerodynamic  Hinge  Moment 
ase  Angle  Relative  to  Surface  Displacement 


The  three  lower  model  airspeed  conditions  correspond  closely  to 
the  three  higher  airplane  airspeed  conditions.  The  airplane  measurements  were 
made  at  21,000  feet  altitude,  and  the  corresponding  tunnel  density  was  .00499 
slug/ft^.  The  actual  tunnel  densities  for  these  three  conditions  were  slightly 
higher,  indicating  a lower  equivalent  airplane  altitude  condition. 

Magnitude  of  the  airplane  aerodynamic  hinge  moment  at  341.2  KTAS 
is  about  5 percent  higher  than  the  model  hinge  moment  at  337.4  KTAS  for  reduced 
velocities  above  4.5.  Similar  agreement  can  be  seen  between  the  396.3  KTAS 
model  data  and  the  399.9  KTAS  airplane  results,  with  airplane  values  about  3.5 
percent  higher  than  the  model  values.  The  greatest  difference  occurs  at  the 
remaining  common  condition,  with  airplane  values  above  4.5  reduced  velocity  at 
381.0  KTAS  about  8.3  percent  higher  than  model  results  at  379.6  KTAS. 

Below  4.5  reduced  velocity,  the  model  amplitudes  decrease  slightly 
as  the  flutter  mode  frequency  is  approached,  and  then  increase  as  frequency 
increases.  This  slight  dip  is  not  seen  in  the  airplane  hinge  moment  amplitudes, 
but  the  increase  is  evident,  more  pronounced  than  on  the  model  results. 

The  model  and  airplane  hinge  moment  phase  angles  relative  to  sur- 
face deflection  show  the  same  trends,  except  for  the  381.0  KTAS  airplane  test 
condition.  Reason  for  the  phase  angles  being  different  at  this  condition  is 
unknown,  but  it  appears  on  the  total  hinge  moment  frequency  response  plot. 

The  model  phase  angles  appear  to  be  biased  25-30  degrees  lag  from  the  airplane 
results.  Theoretically,  the  phase  angle  should  asymptotically  approach  zero 
as  reduced  velocity  approaches  infinity  (zero  frequency). 


6.3  System  Parameter  Variations  and  Gust  Responses 

Performance  of  the  flutter  mode  control  system  was  evaluated  with 
variations  in  the  flaperon  and  aileron  loop  gains  and  filter  time  constants  to 
demonstrate  the  insensitivity  of  the  system  to  system  changes.  Effects  of 
saturation  in  the  system  shaping  filters  were  also  evaluated.  These  tests 
were  conducted  at  the  nominal  21,000  foot  equivalent  airplane  condition.  The 
system  was  also  tested  at  a 9,300  foot  equivalent  altitude  to  demonstrate 
insensitivity  to  changing  test  condition. 

Model  responses  with  the  flutter  mode  control  system  off  and  on 
to  the  transonic  dynamics  tunnel  gust  vanes  were  obtained  to  demonstrate  the 
capability  of  the  system  to  function  in  a gust  environment. 

6.3.1  System  Parameter  Variations 

Capability  of  the  flaperon  and  aileron  channels  to  control  the 
flutter  mode  while  operating  alone  at  nominal  gain  is  shown  in  Figure  54.  The 
flaperon  system  operating  alone  is  not  as  effective  as  the  aileron  system,  and 
neither  gives  the  performance  attained  with  both  operating  simultaneously. 

With  the  flaperon  system  operating  alone,  flutter  mode  damping  appears  to  be 
approaching  zero  with  increasing  dynamic  pressure,  but  the  trend  established 
at  the  three  subcritical  points  tested  is  not  conclusive. 

Figure  55  illustrates  the  effects  of  gain  changes  in  the  two  chan- 
nels. The  nominal  Phase  II  gains  are  K^  = 42.4  deg/g  and  Kp  = 52.5  deg/g.  A 
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Figure  54.  Flutter  Mode  Damping  and  Frequency  - 
Flaperon  and  Aileron  FMCS  Performance 
(Wind  Tunnel  Test  Results) 
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□ Ka  = 42.4  Deg/g,  Kf  =52.5  Deg/g 

A Ka  = 63.6  Deg/g,  Kp  = 126.0  Deg/g 

O Ka  = 21.2  Deg/g,  Kp  = 42.0  Deg/g 


DYNAMIC  PRESSURE  - PSF 
(WIND  TUNNEL) 
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Figure  55.  Flutter  Mode  Damping  and  Frequency  - 
FMCS  Gain  Variations  (Phase  II  Wind 
Tunnel  Test  Results) 
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definite  dip  in  the  flutter  mode  damping  is  evident  around  50  psf  dynamic 
pressure  with  K/\  = 21.2  deg/g  and  Kp  = 42.0  deg/g.  Damping  value  measured 
with  Kfl  = 63.6  deg/g  and  Kr  = 126.0  deg/g  appears  lower  than  attained  with 
=42.4  deg/g  and  Kp  = 52. S deg/g  at  38  psf  dynamic  pressure,  but  about  the 
same  values  were  estimated  at  45  and  50  psf. 

Figure  56  shows  the  effects  on  the  FMCS  performance  of  varying  the 
aileron  and  flaperon  filter  break  frequencies.  Changing  the  break  frequencies 
from  the  nominal  82 . 2 rad/sec  to  61.65  rad/sec  introduces  24.4  degrees  lag  and 
abcut  19  percent  gain  reduction  in  the  flaperon  channel,  and  32.6  degrees  lag 
and  31  percent  gain  reduction  in  the  aileron  channel,  at  the  flutter  mode  fre- 
quency relative  to  the  nominal  system.  This  combination  of  phase  lag  and  gain 
reduction  degrades  effectiveness  of  the  system.  The  100  rad/sec  break  fre- 
quency introduces  16.7  degrees  lead  and  about  7 percent  gain  increase  in  the 
flaperon  channel,  and  22.3  degrees  lead  and  17  percent  gain  increase  in  the 
aileron  channel,  at  the  flutter  mode  frequency  relative  to  the  nominal  system. 
The  phase  lead  and  increased  gain  has  little  effect  on  the  FMCS  performance. 

Saturation  of  the  flutter  mode  control  system  commands  to  the 
aileron  and  flaperon  actuation  systems  was  mechanized  using  bridge  limiters 
on  the  analog  computer.  Figure  57  shows  some  degradation  in  the  system  per- 
formance with  ±1.0  degree  limits  on  both  system  commands.  The  limit  was  more 
severe  in  the  aileron  system  as  the  command  to  the  actuation  system  reached 
about  2.5  degrees  at  the  flutter  mode  frequency  during  the  aileron  sweeps  at 
these  conditions  without  saturation.  The  flaperon  system  command  peaked  at 
about  1.5  degrees  for  the  same  condition. 

Performance  of  the  nominal  Phase  II  FMCS  at  about  9,300  feet  equiv- 
alent airplane  altitude  is  shown  in  Figure  58.  This  figure  demonstrates  that 
the  ability  of  the  system  to  increase  flutter  mode  damping  at  lower  altitude  is 
about  the  same  as  the  performance  attained  at  21 ,000  feet  equivalent  altitudp. 

The  test  results  shown  that  the  aileron  system  is  more  effective 
than  the  flaperon  system  in  controlling  the  flutter  mode.  System  performance 
is  not  affected  significantly  by  gain  variations  or  altitude  change,  but  sat- 
uration and  phase  lag  in  the  system  shaping  filters  cause  significant  degrada- 
tion in  system  performance. 


6.3.2  Model  Gust  Response 

Model  responses  were  obtained  with  a sinusoidal  qust,  generated 
by  symmetric  gust  vanes  upstream  of  the  tunnel  test  section,  exciting  the 
model.  This  testing  was  accomplished  to  demonstrate  the  capability  of  the 
FMCS  to  function  in  a gust  environment. 

A co-quad  plot  of  outboard  wing  vertical  acceleration  normalized 
to  gust  vane  displacement  angle  is  shown  in  Figure  59  for  FMCS  off  at  50.67 
psf  dynamic  pressure.  This  response  was  obtained  with  gust  vane  frequency 
increased  linearily  from  about  2 to  16  Hz.  The  co-quad  plot  shown  in  Figure 
60  for  a similar  condition  with  the  FMCS  on  shows  the  flutter  mode  signifi- 
cantly better  damped  than  with  the  system  off.  With  the  FMCS  off,  the  flutter 
mode  damping,  estimated  from  Figure  59,  is  .023.  The  damping  estimated  from 
Figure  60  with  FMCS  on  is  .077.  Damping  of  the  first  elastic  mode  is  also 
increased  by  the  FMCS.  Other  modes  can  be  seen  in  the  responses,  but  with 
amplitudes  too  low  to  make  accurate  damping  comparisons. 
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Figure  57.  Flutter  Mode  Damping  and  Frequency  - 
FMCS  Command  Saturation 
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(WIND  TUNNEL) 

Figure  58.  Flutter  Mode  Damping  and  Frequency  - 

FMCS  Performance  at  .0073  Slug/Ft3  Tunnel 
Density  (9300  Feet  Equivalent  Airplane  Altitude) 


100 


In-Phase  Component  - g/Deg  Oot-of-Phase  Component  - g/Deg 


FREQUENCY  - HZ 


Figure  60.  Outboard  Wing  Vertical  Acceleration  Due  To 

Gust  Vane  Displacement  Co-Cuad  Plot  - FMCS  On 


Amplitude  of  the  vertical  gust  at  the  test  section  decreases 
Iramatica ily  with  increase  in  frequency  of  the  gust  vanes.  Figure  61  shows  a 
o-quad  plot  of  the  alpha  gust  (vertical  gust  divided  by  airstream  velocity) 
lormalized  to  vane  displacement  measured  with  a gust  probe  in  the  test  sec- 
tion. It  is  apparent  that  the  gust  amplitude  decreases  significantly  with 
increasing  gust  vane  frequency. 
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7.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


Wind  tunnel  test  data  has  been  obtained  on  a dynamically  scaled 

o?dnin°I  ?7E2E  CCV  f]i?ht  test  vehicle  in  a 375,000  pound  gross  weight, 
^i,UUU  toot  altitude  condition.  Model  testing  was  accomplished  to  determine 
the  basic  model  flutter  characteristics  and  to  evaluate  the  CCV  program  flutter 
mode  control  system.  Results  of  the  wind  tunnel  testing  have  been  comoared 
with  model  analytical  and  CCV  program  flight  test  results  obtained  at  the 
equivalent  condition.  The  following  paragraphs  discuss  the  degree  of  corre- 
lation attained  and  areas  requiring  additional  research  effort  to  improve  the 
technique  of  evaluating  airplane  stability  augmentation  systems  on  dynamically 
scaled  wind  tunnel  test  models. 


7.1  Conclusions 

Under  this  program,  equivalent  flutter  conditions  for  the  B-52 
aeroelastic  model  and  the  CCV  program  flight  test  airplane  have  been  deter- 
mined  through  structural  analyses  to  provide  suitable  vehicles  for  wind  tunnel 
and  flight  test  data  correlation.  The  model  and  airplane  were  predicted  to 
have  similar  flutter  characteristics,  with  the  model  flutter  speed,  in  air- 
plane  scale,  only  7.2  percent  higher  than  the  airplane  flutter  speed.  Ground 
vibration  tests  verified  that  the  model,  after  modification  to  the  flutter 
configuration,  possessed  good  representation  of  all  symmetric  elastic  modes 
except  the  seventh,  and  to  a lesser  extent,  the  third  and  fourth,  but  the 
flutter  mode  representation  was  good. 


. . The  CCV  airplane  FMC  system  was  scaled  to  model  frequencies,  and 
evaluated  on  model  equations  of  motion.  Results  showed  performance  of  the 

planem  °n  ^ m°del  WOuld  be  s1rTr,lar  to  the  performance  predicted  for  the  air- 


The  NASA  one-thirtieth  scale  model  was  modified  from  a 419,000 

37A  nnn0^19^3^1??  scaled  B"52E  ailerons  and  elevators  active  to  the 
375,000  pound,  ballasted  external  wing  tank  flutter  configuration  with  the  CCV 

rnn trni 6 °U?0ard  flaPeron  segments  and  outboard  ailerons  active.  The  model 
0 . ?1  sur^ace  actuation  systems  were  mechanized  using  d.c.  torque  motors  witl 
position  and  rate  feedback  to  produce  actuator  dynamic  performance  similar  te 
the  airplane  actuators  up  to  above  the  flutter  mode  frequency. 

T 1 * n Tbe  mode1  was  then  tested  in  the  NASA  Langley  Transonic  Dynamics 

fluttIrf?^tWJp?ht?St  Plan!  Prepared  to  obtain  tunnel  test  data  using  flight 
flutter  test  techniques.  The  model  was  tested  in  two  entries,  the  first  to 

verify  the  model  s representation  of  the  airplane  flutter  characteristics  and 
the  second  to  obtain  data  for  correlation  with  CCV  airplane  flight  test  result* 

2pJp1JedHini-t!ie-eql!1!uleI!t  airplane  configuration  and  flight  condition.  Tests' 
vPh?r?pnfiC^d  ln,both  th®  model  and  airplane  tests  to  compare  the  unaugmented 

svst^m  fRnlheLh-arCteriStlCS  ajd  Performance  of  the  flutter  mode  control 
system.  Both  vehicles  were  tested  with  the  FMC  system  on  up  to  about  10  knots 

(airplane  scale)  above  the  open  loop  flutter  speed.  Damping  of  the  flutter 

th  I TZ  WUh  a^peed  at  this  point  in  both  tests,  demonstrating 

been  exceeded  d 3°  PerC6nt  lncrease  in  airplane  flutter  placard  airspeed  had 
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Wind  tunnel  test  data  was  then  compared  with  analytical  results. 

The  comparison  showed  good  correlation  with  the  predicted  model  flutter  char- 
acteristics and  FMC  system  performance.  The  unaugmented  model  fluttered  at 
58.4  psf  dynamic  pressure,  only  8.8  percent  higher  in  velocity  than  predicted. 
The  model  flutter  point  extrapolated  from  subcritical  testing  during  the  first 
entry  was  9.8  percent  higher  than  the  predicted  flutter  velocity  for  the  model 
configuration  tested,  but  the  extrapolated  flutter  point  was  55  psf.  The  model 
was  modified  slightly  between  the  two  entries,  as  evidenced  by  the  different 
flutter  points.  The  flutter  mode  control  system  performance  was  similar  to 
that  predicted,  but  not  as  effective  in  increasing  the  flutter  mode  damping. 

The  airplane  flutter  speed,  with  gross  weight  and  altitude  equiva- 
lent to  the  model,  was  established  through  flight  testing  at  455.6  KTAS.  The 
model  flutter  point,  established  in  the  second  series  of  wind  tunnel  tests, 
was  only  8.1  percent  higher,  492.3  KTAS  in  airplane  scale.  The  difference 
between  the  model  and  airplane  flutter  speeds  (in  airplane  scale)  was  within 
1.0  oercent  of  the  difference  predicted  analytically. 

Performance  of  the  FMC  system  on  the  airplane  was  similar  to  the 
performance  demonstrated  on  the  model.  The  trends  of  flutter  mode  damping 
with  increasing  velocity  with  the  system  on  are  almost  identical,  with  both 
model  and  airplane  test  results  showing  a dip  in  damping  around  450-460  KTAS 
and  then  increasing.  The  FMC  system  was  more  effective  in  increasing  flutter 
mode  damping  on  the  model  than  on  the  airplane,  but  the  difference  may  be  due 
to  estimating  damping  from  steady  state  sinusoidal  responses  on  the  model  and 
from  transient  responses  on  the  airplane. 

The  correlation  of  model  wind  tunnel  test  data  with  flight  test 
results  shows  that  a dynamically  scaled  aeroelastic  model  can  predict  the  air- 
plane flutter  velocity,  for  an  equivalent  gross  weight  and  altitude  condition, 
within  8.1  percent.  The  model  and  airplane  flutter  speeds  agreed  better  than 
the  model  test  and  analytical  flutter  speeds.  Performance  of  the  FMCS  on  the 
model  also  agreed  better  with  the  performance  attained  on  the  airplane  than 
was  predicted  for  the  model.  Model  and  airplane  equations  of  motion  were  con- 
servative in  predicting  lower  flutter  speeds  and  better  performance  with  the 
FMCS  than  was  obtained  during  the  wind  tunnel  and  flight  tests. 

The  agreement  between  model  and  airplane  test  results  demonstrates 
that  dynamically  scaled  models  can  be  used  to  verify  design  of  active  flutter- 
mode  control  systems.  Such  modeling  technology  will  play  an  important  role  in 
the  future  development  and  design  of  flutter  suppression  systems  and  other  CCV 
concepts. 

Wind  tunnel  testing  of  dynamically  scaled  models  to  verify  pre- 
dicted flutter  speeds  has  proved  successful  and  economically  justifiable. . This 
program  has  demonstrated  that  a flutter  mode  control  system  can  be  mechanized 
on  such  models  using  miniature  sensors  and  control  surface  actuation  system 
components  and  tested  successfully  in  the  wind  tunnel.  For  a relatively  small 
increase  in  cost,  the  flutter  mode  control  system  can  be  tested  to  give  in- 
creased confidence  in  its  design,  and  the  model  flutter  testing  can  be  con- 
ducted with  greater  model  safety  with  the  system  to  fall  back  on  should  hard 
flutter  occur.  Although  the  other  CCV  systems  were  not  tested  in  this  program, 
it  is  logical  that  they  be  incorporated  in  the  wind  tunnel  model  of  an  aircraft 
relying  upon  such  systems. 
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7.2 


Recommendations 


^ur]n9  the  course  of  this  program,  several  areas  requiring  addi- 
tional work  to  improve  the  technology  of  testing  active  control  systems  on 
wind  tunnel  models  were  encountered,  and  other  areas  were  recognized  as  logical 
extensions  of  this  work.  This  program  has  proved  that  such  testing  can  be 
accomplished  successfully,  but  additional  work  is  required  to  extend  the  test- 
ing to  other  control  configured  vehicles  systems.  The  following  paragraphs 
discuss  the  most  significant  of  these  items. 

Of  the  problems  encountered  in  mechanizing  the  flutter  mode  con- 
trol system  on  the  B - 5 2 model,  probably  the  most  difficult  to  overcome  was  to 
attain  satisfactory  performance  from  the  outboard  aileron  electromechanical 
actuation  system.  The  d.c.  torque  motor  was,  of  necessity,  located  in  the 
model  fuselage  with  torque  transmitted  some  38  inches  from  the  motor  shaft  out 
each  wing  to  the  control  surfaces.  Although  the  lowest  frequency  shaft  mode 
was  above  60  Hz,  the  friction  arising  from  the  bearings  and  crank-pushrod 
linkages  resulted  in  significant  hysteresis,  more  than  was  measured  on  the  air- 
plane actuation  systems.  The  effects  of  hysteresis  on  the  FMC  system  perfor- 
mance was  demonstrated  in  the  hybrid  computer  simulation  studies.  Hysteresis 
more  nearly  equivalent  to  the  airplane  actuator  could  have  been  attained  with 
hydraulic  actuators  located  near  the  control  surfaces.  Development  of  a mini- 
ature  hydraulic  power  supply  tailored  to  model  space  and  weight  limitations 
would  improve  the  model's  representation  of  the  airplane  actuators,  not  only 
in  terms  of  hysteresis  but  in  dynamic  performance  as  well.  Hydraulic  pressure 
and  return  lines  could  be  brought  into  the  model  from  a tunnel  sting,  but  the 
dynamic  effects  on  a cable-mounted  model  would  be  significant. 

The  B-52  model  was  tested  in  the  study  on  the  NASA  Langley  Tran- 
sonic Dynamics  Tunnel  two-cable  mount  system.  Structural  analyses  showed  the 
mount  system  affected  primarily  the  model  short  period  and  the  second,  third 
and  fourth  elastic  modes,  but  did  not  materially  affect  the  model  flutter  char- 
acteristics. However,  in  testing  control  systems  requiring  accurate  represen- 
tation of  these  modes,  either  a modified  mount  system  will  have  to  be  developed 
or  analytical  methods  developed  to  "back  out"  effects  of  the  mount  system  on 
these  modes.  The  CCV  program  augmented  stability,  maneuver  load  control  and 
forward  body  ride  control  systems  involve  the  short  period  mode  and  the  ability 
o he  model  systems  to  function  similar  to  the  airplane  depends  upon  accurate 
simulation  of  this  mode. 


The  model  must  be  designed  and  constructed  to  accurately  represent 
all  signi f icant  rigid  body  and  elastic  modes.  The  B-52  aeroelastic  model  was 
designed  to  have  scaled  dimensions,  stiffness  properties,  inertia  properties 
(in  roll,  pitch  and  yaw  freedoms),  aerodynamic  properties,  and  center  of  grav- 
ity location  of  the  airplane.  It  was  dynamically  scaled  over  the  frequency 
range  0 to  25  Hz,  model  scale,  to  match  the  airplane  symmetric  modes  in  fre- 
quency and  mode  shape.  Model  ground  vibration  and  wind  tunnel  tests  showed 
the  design  criteria  was  met  except  for  the  seventh  elastic  mode,  and  to  a 
certain  extent,  the  third  and  fourth  modes.  But,  the  significant  mode  (the 
sixth)  was  represented  accurately,  as  evidenced  by  its  good  correlation  with 
theoretical  predictions  and  the  mode  on  the  airplane. 

Another  area  requiring  work  is  in  model  testing  and  data  reduction 
techniques.  For  the  B-52  model,  steady  state  frequency  response  methods  pro- 
vided the  best  subcritical  data,  primarily  because  tunnel  turbulence  masked 


transient  responses  to  the  point  damping  estimates  could  not  be  made.  The  main 
shortcoming  of  the  frequency  response  methods  is  that  the  damping  and  frequency 
estimates  are  made  assuming  a single  degree  of  freedom  system,  and  accuracy 
improves  when  the  flutter  mode  is  lightly  damped.  Testing  to  verify  analytical 
results  requires  considerable  testing  below  the  critical  flutter  condition, 
and  methods  need  to  be  developed  to  improve  modal  damping  and  frequency  esti- 
mates for  such  well  damped  modes  from  measurable  model  responses. 

The  wind  tunnel  testing  accomplished  in  this  program  opens  the 
door  to  many  tests  to  be  conducted  in  the  future.  With  the  current  interest 
in  self  adaptive,  digital  control  systems,  a flutter  mode  control  system 
mechanized  on  a digital  mini -computer  employing  possible  redundancy  required 
for  the  airplane  would  be  a logical  high  priority  program.  The  system  could 
be  configured  to  suppress  flutter  over  a wide  range  of  weight/altitude  con- 
ditions, or  perhaps  a wing  store  flutter  control  system  adaptable  to  a wide 
range  of  external  stores.  Eventually  such  systems  will  be  employed  on  military 
aircraft,  and  wind  tunnel  testing  of  the  systems  will  be  required  to  increase 
confidence  in  analysis  results. 

A flutter  mode  control  system  using  a leading  edge  control  surface, 
alone  or  in  combination  with  a trailing  edge  surface,  is  another  concept  that 
could  be  evaluated  on  a wind  tunnel  model.  The  FMCS  tested  on  the  B-52  model 
in  this  study  used  an  inboard  wing  vertical  accelerometer  driving  an  inboard 
wing  surface  (flaperon  outboard  segment)  and  an  outboard  wing  vertical  accel- 
erometer driving  an  outboard  wing  surface  (outboard  aileron),  with  either 
system  operating  alone  increasing  flutter  mode  damping  over  the  unaugmented 
vehicle.  It  may  be  possible  to  develop  an  FMC  system  with  similar  capability 
using  leading  edge  surfaces  with  the  trailing  edge  outboard  aileron  surfaces. 

A brief  study,  discussed  in  Appendix  III,  was  conducted  on  the  model  to  evalu- 
ate a leading  edge  aileron  surface,  forward  of  the  outboard  aileron,  inasystem 
to  control  the  flutter  mode.  The  analysis  showed  that  vertical  acceleration 
from  the  accelerometer  at  WBL  925  fed  through  the  CCV  aileron  system  shaping 
filter  to  the  leading  edge  surface  would  increase  the  flutter  mode  damping. 

The  surface  worked  to  suppress  flutter  through  controlling  wing  vertical 
bending  as  did  the  trailing  edge  surface  system.  This  indicates  that  a system 
using  the  leading  and  trailing  edge  surfaces  could  be  developed  to  provide  the 
same  measure  of  redundancy  attained  with  the  outboard  aileron/flaperon  system 
tested  on  the  model  and  CCV  airplane. 

Other  flutter  mode  control  areas  that  are  definite  candidates  for 
future  model  testing  are  multiple  flutter  modes  and  violent  flutter.  The 
weight  savings  achievable  with  flutter  mode  control  systems  are  probably  de- 
pendent on  the  airplane  configuration  and  on  the  type  of  flutter  (mode,  gra- 
dient, severity,  etc.).  Studies  of  various  types  of  flutter  should  be  conducted 
to  determine  if  certain  classes  of  flutter  are  more  practical  to  control  using 
passive  or  active  flutter  suppression  techniques.  To  fully  assess  the  bene- 
fits of  flutter  suppression  CCV  technology,  a new  airplane  configuration  that 
requires  flutter  suppression  because  of  minimum  structural  design  needs  to  be 
developed  and  evaluated  using  active  and  passive  flutter  techniques.  Models 
of  these  configurations  could  be  fabricated  with  a fully  redundant  flutter 
mode  control  system  and  tested  to  demonstrate  that  predicted  savings  in  weight 
are  realizable. 


APPENDIX  I 


ANALYTICAL  FORMULATION  OF  AEROELASTIC  EQUATIONS 


Analytical  techniques  used  to  formulate  airplane  and  model  equations 
of  motion  are  described  in  this  appendix.  The  details  associated  with  selecting 
a suitable  model  configuration  and  generating  airplane  and  model  aeroelastic 
equations  for  evaluating  the  flutter  suppression  system  are  discussed  in  Section 
3 of  the  text. 


l.C  STRUCTURAL  IDEALIZATION 

Elastic  and  inertia  characteristics  of  airplane  arid  model  structure 
were  represented  with  a lumped  parameter  idealization.  An  isometric  sketch  of 
the  idealization  is  shown  in  Figure  62.  Mass  properties  (mass,  static  moments, 
moments  of  inertia)  were  lumped  at  the  structural  nodes  as  applicable.  Section 
stiffness  properties  were  defined  at  the  end  nodes  and  center  of  each  elastic 
axis  beam  connecting  „ given  pair  of  nodes.  The  vibration  analysis  computer 
program  generates  a tapered  beam  stiffness  representation  from  the  specified 
section  stiffness  properties. 


Symmetric  or  antisymmetric  cantilevered  vibration  modes  were  com- 
puted for  each  component  using  the  lumped  parameter  idealization.  Components 
included  a cable  mount  (simulation  of  wind  tunnel  cable  support  system),  for- 
ward body,  aft  body,  wing,  inboard  nacelle,  outboard  nacelle,  horizontal  tail, 
and  vertical  tail.  Stiffness  properties  for  the  model  cable  mount  component 
were  generated  from  installation  geometry  and  estimated  cable  tension  and  drag 
parameters  supplied  by  NASA. 

Coupled  vibration  modes  for  either  the  free-free  or  restrained 
analyses  were  determined  using  a sufficient  number  of  cantilever  modes  to 
adequately  represent  the  desired  coupled  mode  frequency  content.  All  flutter 
analyses  and  aeroelastic  equation  formulations  were  based  on  the  number  of 
modes  shown  in  Table  XI. 

TABLE  XI 

NUMBER  OF  MODES  INCLUDED  IN  FLUTTER  ANALYSES 


FREE-FREE 


CABLE  RESTRAINTS 


Symmetric 


Antisym 


Symmetric 


Antisym 


Center  of  Gravity 
or  Cable  Modes 


3 


3 


2 


3 


Elastic  Modes 


27 


27 


25 


24 
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FIGURE  62 

B-52  LUMPED  PARAMETER  STRUCTURAL  IDEALIZATION 


2.0  AERODYNAMIC  LOADING 

Airloads  were  based  on  a doublet  lattice  method  that  included  aero- 
dynamic coupling  and  interference  effects  between  wing,  nacelles,  fuselage, 
tail  surfaces  and  control  surfaces.  Primary  surfaces  and  control  surfaces 
were  idealized  with  a lattice  of  doublets  lying  in  the  plane  of  the  lifting 
surface.  The  nacelles  were  represented  with  doublets  placed  in  horizontal 
and  vertical  planes  passing  through  the  centerline  of  the  structural  compo- 
nent. The  fuselage  vertical  panels  passed  through  the  fuselage  centerline 
and  the  horizontal  panels  were  in  the  plane  of  the  wing.  The  complete  aero- 
dynamic patch  representation  is  shown  in  the  isometric  sketch  of  Figure  63. 
Control  surfaces  defined  for  synthesis  studies  include  horizontal  canards, 

CCV  vehicle  outboard  flaperon  segment,  outboard  aileron  and  elevator.  With 
the  exception  of  the  horizontal  canards,  all  control  surfaces  were  represented 
with  aerodynamic  patches.  A quasi-steady  aerodynamic  representation  (not 
coupled  with  the  doublet  lattice  formulation)  was  included  for  the  horizontal 
canards. 


3.0  EQUATIONS  OF  MOTION 


Flutter  analyses  were  accomplished  using  complex  oscillatory  aero- 
dynamic coefficients  generated  for  specific  values  of  the  reduced  frequency 
parameter,  o»/U  . However,  equations  of  motion  were  formulated  in  terms  of 
real  matrices  through  introduction  of  an  "interpolating"  or  "approximating" 
function. 


The  original  equations  were  the  standard  form: 
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where  "q"  is  the  generalized  coordinate  and  "A"  is  an  aerodynamic  influence 
matrix  which  can  be  evaluated  for  specific  values  of  w/Up.  The  matrices  C0, 
and  prescribe  the  usual  linearized  boundary  conditions. 


If  one  of  the  elements  of  the  matrix  "A"  is  plotted,  as  to  takes  on 
selected  values  frr ^ zero  to  40  radians/second,  the  plot  appears  as  the  "X's" 
in  Figure  64. 
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Figure  64.  Typical  Complex  Aerodynamic  Coefficient  Vs.  oj 


^ The  sol]d  ^’ne  of  Figure  64  is  an  approximating  function,  chosen  as 
a rational  polynomial  function  of  the  complex  variable  "S".  The  "0's"  are 
values  of  the  approximating  function  at  values  of  "S"  for  which  the  "X's"  are 
plotted.  The  approximating  function  was  chosen  to  permit  accurate  approxima- 
tion of  the  time  delays  inherent  in  the  unsteady  aerodynamics  subject  to  the 
following  restrictions: 


• It  must  have  complex  conjugate  symmetry 

• It  must  have  denominator  roots  in  the  left  half-plane 

• It  must  approximate  the  value  of  the  complex  coefficient 
when  S = 0 + j<j,  for  those  values  of  u analyzed. 


The  approximating  function  for  each  element  in  the  aerodynamic  co- 
efficient was  determined  after  analysis  at  8 to  12  discrete  frequencies.  When 
the  approximating  functions  are  substituted  in  the  equations  of  motion  for 
the  complex  aerodynamic  coefficients,  a new  set  of  equations  results,  whose 
coefficients  are  coefficients  of  the  approximating  function.  After  rearrange- 
ment, the  final  form  of  the  equations  of  motion  with  variable  density  "p"  and 
velocity  "U0"  is: 


(s2  [mass]  + s [damping]  + [stiffness]  q (s)J> 


where: 


items  in  first  line  of  this  equation  are  structural  coefficients; 
items  in  second  line  are  aerodynamic  coefficients;  and 
items  in  third  line  are  gust  force  coefficients. 
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Because  of  the  continuity  of  the  aerodynamic  coefficients  as  u 
varies  (no  finite  aerodynamic  poles  or  zeros  in  the  vicinity  of  the  imaginary 
axis)  these  equations  are  good  approximations  of  the  Laplace  transformed  equa- 
tions. They  should  not  be  depended  upon  for  values  of  S too  remote  from 
imaginary  axis  (greater  than  6 radians  per  second)  or  above  the  highest 
frequency  analyzed  (greater  than  60  radians  per  second).  All  analyses  (model 
and  airplane)  were  accomplished  in  airplane  scale;  therefore,  these  frequen- 
cies are  in  airplane  scale.  Frequency  limitation  of  the  model  equations  would 
be  scaled  up  appropriately  by  the  frequency  scale  factor,  5.46.  Model  equa- 
tions of  motion  were  subsequently  scaled  by  this  factor  up  to  model  frequency 
scale. 


APPl.^DIX  II 


PHASE  II  WIND  TUNNEL  TEST  PLAN 


1.0  INTRODUCTION 

A program  entitled  "Development  of  Active  Flutter  Suppression  Wind 
Tunnel  Testing  Technology"  has  been  initiated  by  the  Air  Force  Flight  Dynamics 
Laboratory  under  Contract  No.  F3361 5-72-C-191 3.  The  objectives  of  this  program 
are  to  analyze  and  wind  tunnel  test  the  CCV  program  flutter  mode  control  (FMC) 
system  on  the  NASA  one-thirtieth  scale  B-52E  aeroelastic  model. 

A model  flutter  mode  control  system  was  analyzed  and  the  necessary 
model  modifications  were  accomplished.  Prel iminary  (Phase  I)wind  tunnel  tests 
were  conducted  in  the  transonic  dynamic  wind  tunnel  at  Langl ey  Research  Center 
in  June  and  July  1973.  The  objectives  of  the  Phase  I wind  tunnel  tests  were 
to  establish  the  model  open  loop  flutter  dynamic  pressure  and  to  evaluate  the 
FMC  system. 

Phase  I wind  tunnel  test  results  indicate  that  the  open  loop  esti- 
mated flutter  dynamic  pressure  is  55  psf,  compared  to  predicted  analytical 
open  loop  flutter  condition  of  45.6  psf.  Effectiveness  of  the  FMC  system  was 
also  demonstrated  during  the  Phase  I tests. 

Phase  II  wind  tunnel  tests  will  be  conducted  at  Langley  Research 
Center  beginning  in  December  1973  to  evaluate  the  FMC  system  above  the  open 
loop  flutter  dynamic  pressure  and  to  conduct  FMC  parametric  variations,  as 
well  as  to  provide  data  for  correlation  with  CCV  program  Fuel  Configuration  3 
flight  test  results.  This  plan  describes  tests  to  evaluate: 

• Flutter  characteristics  of  the  unaugmented  model  and  performance 
of  the  FMC  system 

• Effects  of  FMC  system  gain  and  filter  cut-off  frequency 
variations 

• FMC  channel  failure  effects 

• Wind  tunnel  density  variation  effects  (/i-effects) 

• Outboard  flaperon  hinge  moment  frequency  response 

• Model  and  FMCS  response  characteristics  to  gust 

• Control  surface  displacement  saturation  effects. 

The  model  configuration  required  for  this  series  of  tests  is  the 
same  as  tested  during  Phase  I,  but  with  the  elevator  system  operative  to 
permit  its  use  similar  to  the  planned  flight  testing. 
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2.0 

2.1 


TEST  SET-UP  AND  INSTRUMENTATION 
Test  Set-Up 


The  model  FMC  system  block  diagram  is  shown  in  Figure  65.  The  FMC 
system  compensation  filter  and  feedback  gains  will  be  mechanized  on  an  analog 
computer  located  in  the  tunnel  control  room.  The  FMC  system  aileron  loop  gain 
s twice  the  gain  used  in  the  Phase  I testing,  and  the  flaperon  loop  gain  is 
increased  by  25  percent.  Control  surface  actuation  system  position  and  rate 
feedback  loops  will  be  mechanized  on  separate  operational  amplifiers  mounted 
i instrumentation  racks  if  available,  or  on  the  analog  computer.  Umbilical 
cables  will  provide  electrical  signal  transmission  between  the  model  and 
equipment  located  outside  the  tunnel  test  section. 

Oscillating  gust  vanes  located  upstream  of  the  test  section  will 
be  used  to  generate  sinusoidal  vertical  gust. 


2.2  Instrumentation 

Model  instrumentation  will  provide  the  following  data: 

a.  Vertical  acceleration  at  Wing  Buttock  Line  925  (left  and  right 

wi ng ) 3 

b.  Vertical  acceleration  at  Wing  Buttock  Line  565  (left  and  right 

wing)  3 

c.  Outboard  aileron  actuator  position 

d.  Left  wing  flaperon  actuator  position 

e.  Right  wing  flaperon  actuator  position 

f.  Outboard  aileron  actuator  rate 

g.  Left  wing  flaperon  actuator  rate 

h.  Right  wing  flaperon  actuator  rate 

i.  Right  wing  root  vertical  bending  moment 

j.  Right  wing  root  torsion  moment 

k.  Right  wing  outboard  flaperon  hinge  moments 

3.0  TEST  CONDITIONS 

, . subcritical  test  conditions  have  been  selected  which  are  com- 

patible with  the  additional  heavy  weight  airplane  flutter  tests  in  the  CCV 

program.  The  airplane  and  model  test  parameters  which  will  be  constant  durinq 
testing  are  presented  below.  y 
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Figure  65.  B-52  Aeroelastic  Model  Flutter  Mode  Control  System 


Parameter 


Units 


Model 


Airplane 


A1  titude 

Ft. 

21,000 

“ “ 

Weight 

Lbs. 

345,000  - 375,000 

56.59 

Density 

Slugs/Ft3 

.0012249 

.00499 

Flight 

Environment 

Air 

95%  Freon  -12 

However,  the  altitude  and  density  parameters  will  be  changed  as  shown  below 


for  the  effects  study. 

Parameter 

Uni  ts 

Airplane 

Model 

A1 titude 

Ft. 

5,400 

-- 

Density 

Slugs/Ft3 

.002024 

.0080 

From  the  Phase  I wind  tunnel  test  data,  the  model  open  loop  flutter 
condition  was  estimated  at  55  psf.  Therefore,  subcritical  test  conditions 
ranging  from  27.75  to  52.5  psf  ha' e been  selected  for  open  and  closed  loop 
testing.  Tests  above  52.5  psf  will  be  conducted  only  with  the  FMC  system  on. 

4.0  WIND  TUNNEL  TESTS 

This  section  describes  the  significant  wind  tunnel  tests  required 
to  meet  program  objectives  listed  in  Section  1.0.  The  wind  tunnel  test  con- 
ditions are  selected  considering: 

a.  heavy  gross  weight  (Fuel  Configuration  3)  airplane  flight 
test  condition,  and 

b.  basic  model  flutter  condition  of  55  psf  estimated  from  Phase  I 
wind  tunnel  test  results. 

A summary  of  Phase  II  wind  tunnel  tests  is  given  in  Table  XII, 
which  also  shows  the  equivalent  airplane  flight  test  condition  for  comparison. 
The  standard  atmosphere  is  assumed  for  the  airplane  conditions,  with  speed  of 
sound  1032.8  ft/sec  at  21,000  feet  and  1095.5  ft/sec  at  5400  feet.  The  model 
conditions  assume  530°R  tunnel  temperature  with  95 % freon,  5 % air  in  the 
tunnel.  For  these  conditions,  the  speed  of  sound  at  .00499  slug/ft3  is  502.9 
ft/sec  and  for  .0080  slug/ft3,  it  is  500.7  ft/sec. 

4.1  Model  Excitation 

The  elevators  and  outboard  ailerons  will  be  the  primary  control 
surfaces  for  exciting  the  model.  The  outboard  flaperons  will  be  used  to  ob- 
tain the  control  surface  hinge  moment  data  and  frequency  response  data  will 
be  obtained  using  the  horizontal  canards.  Electrical  command  signals  will  be 
generated  on  the  analog  computer  or  an  external  function  generator.  The 
following  three  types  of  control  surface  command  signals  will  excite  the  model : 
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TABLE  XII:  PHASE  II  WIND  TUNNEL  TEST  SUMMARY 


TABLE  XII:  PHASE  II  WIND  TUNNEL  TEST  SUMMARY 
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Pulse  Input:  The  pulse  will  be  one  cycle  sine  wave  at  the  flutter 

mode  frequency. 

Frequency  Sweep  Input:  A 4 - 24  Hz  frequency  sweep  signal  of  con- 

stant command  amplitude  will  be  used  with  a sweep  time  of  8 minutes 
using  a logarithmic  frequency  increment. 

Sinusoidal  Input:  This  signal  will  be  obtained  by  dwelling  the 

sweep  oscillator  at  significant  structural  mode  frequencies. 

In  addition  to  the  above  control  surface  inputs,  the  model  will 
also  be  excited  by  sinusoidal  gusts  generated  by  gust  vanes.  The  sinusoidal 
gust  frequencies  will  be  swept  linearily  from  2 to  16  Hz.  Maximum  gust  am- 
plitudes are  frequency  dependent  and  are  limited  by  the  gust  vane  capability. 

Amplitudes  of  the  control  surface  and  gust  inputs  will  be  selected 
to  ensure  that  the  model  structural  load  limits  are  not  exceeded  and  that 
proper  signal  to  noise  ratios  are  maintained  throughout  the  frequency  range. 
Wing  loads  will  be  closely  monitored  during  the  high  density  testing  to 
prevent  damage  to  the  model . 

4.2  Test  Procedure 

In  general,  the  test  procedure  will  follow  the  schedule  of  tests 
presented  in  Table  XIII.  Deviations  from  this  schedule  may  occur  during  the 
testing  at  the  discretion  of  the  NASA  test  director.  The  FMC  system  gain 
and  filter  time  constant  variations,  and  changes  in  system  displacement 
command  limits,  will  require  placing  the  analog  computer  in  the  "POT  SET" 
mode.  If  the  control  surface  actuation  system  feedback  loops  are  mechanized 
on  the  computer,  the  surfaces  will  "float"  while  the  computer  is  in  the  "POT 
SET"  mode.  This  can  be  accomplished  without  difficulty  with  the  tunnel 
running. 


The  following  paragraphs  describe  tests  to  be  conducted  with 
different  excitations  and  significant  data  to  be  acquired.'  Detailed  tests 
for  all  inputs  are  defined  in  Table  XIII. 

4.2.1  Pulse  Input 

A pulse  input  to  the  elevators  will  be  used  to  measure  damping  and 
frequency  of  the  most  lightly  damped  mode.  The  pulse  will  be  a one  cycle 
sine  wave  at  the  flutter  mode  frequency.  Figure  66  shows  a typical  input  and 
a typical  time  history  of  vertical  acceleration  at  the  wing  tip  (Z925).  The 
response  shown  assumes  negligible  tunnel  turbulence  effects.  The  Phase  I 
testing  showed  the  tunnel  turbulence  affected  transient  responses  siqnifi- 
cantly. 

The  one  cycle  sine  wave  pulse  inputs  will  be  used  with  the  FMCS 
off  and  on  at  the  conditions  defined  by  Test  No.  1 in  Table  XII.  The  nominal 
FMCS  gains  are  the  same  as  the  revised  nominal  gains  of  the  heavy  gross  weight 
ccv  airplane  system.  Thus,  the  nominal  system  will  provide  direct  correlation 
with  the  airplane  flight  test.  The  nominal  system  gains  and  filter  cut-off 
frequencies  are  shown  in  the  block  diagram  of  Figure  65. 


121 


122 


FABLE  XIII:  PHASE  II  WIND  TUNNEL  TEST  PROCEDURE 
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TABLE  XIII:  PHASE  II  WIND  TUNNEL  TEST  PROCEDURE 
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(a)  Pulse  Input 


(b)  Wing  Tip  Vertical  Acceleration 


FIGURE  66.  TYPICAL  PULSE  INPUT  AND  RESPONSE 


The  Randomdec  equipment  will  be  used  in  data  reduction  to  enhance 
the  pulse  response  data.  The  responses  obtained  during  the  Phase  I testing 
due  to  aileron  commands  did  not  show  a clean  decay.  The  Randomdec  equipment 
did  enhance  the  responses  by  averaging  out  the  random  components  due  to  the 
tunnel  turbulence. 


conditions: 


Pulse  response  data  will  be  obtained  at  the  following  test 


1 ) FMCS  off  and  FMCS  on 

Q = 37.91,  45. OG,  50.00,  and  52.50  psf 

2)  FMCS  on  only 

Q = 55.00,  57.50,  and  60.00  psf. 


4.2.2 


Frequency  Response  Tests 


Continuous  frequency  response  tests  will  be  conducted  using  the 
4-24  Hz  frequency  sweep  signals  to  the  control  surfaces. 


4. 2. 2.1 


Outboard  Aileron  Commands 


Frequency  responses  due  to  outboard  ailerons  will  be  used  primarily 
to  determine  frequency  and  damping  of  the  significant  modes.  Vertical  accel- 
eration responses  at  WBL925  and  WBL565  will  be  recorded.  Reduced  data  will 
be  presented  in  magnitude  and  phase  and  col  inear  and  quadrature  amplitudes 
versus  frequency  plots. 

Outboard  aileron  frequency  sweeps  will  be  conducted  with  the  FMCS 
off  and  on  with  the  nominal  FMC  system  and  with  FMCS  gain  and  filter  cut-off 
frequency  variations,  as  defined  by  Test  No.  2 in  Table  XII.  The  aileron 
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frequency  sweeps  will  also  be  used  for  the  ^-effects  testing,  Test  No.  4 in 
Table  XII. 


Outboard  aileron  frequency  responses  will  be  conducted  at  the 
following  test  conditions: 

1 ) FMCS  off  and  FMCS  on 

Q = 27.59,  35.00,  37.91,  45.00,  50.00,  and  52.5  psf 

2)  FMCS  Variations 

Q = 37.91,  45.00,  50.00,  and  52.5  psf 

3)  FMCS  on  only 

Q = 55.00,  57.5  and  60.00  psf 

4)  n-  Effects  Evaluation 

Q = 34.71,  48.00,  54.89,  63.75,  and  70.00  psf 

4. 2. 2. 2 Outboard  Flaperon  Responses 

These  tests  will  be  conducted  to  obtain  outboard  flaperon  hinge 
moment  frequency  responses.  Strain  gages  mounted  on  the  surface  shaft  will 
be  calibrated  for  hinge  moments  (in-oz).  Data  will  be  reduced  to  give  fre- 
quency response  and  co-quad  plots  of  hinge  moments  versus  frequency. 

These  tests  will  be  conducted  at  Q = 27.59,  35.00,  37.91,  45.00, 
and  50.00  psf  with  FMCS  off  only. 

4. 2. 2. 3 Horizontal  Canards 

Z565  and  Z925  frequency  responses  to  the  horizontal  canards  are  re- 
quired for  data  correlation  with  airplane  flight  test  data.  These  tests  will 
be  conducted  at  Q = 37.91,  45.00,  and  52.5  psf  with  FMCS  off  and  on. 


4.2.3  Sinusoidal  Dwell  and  Clamp  Surface  Inputs 

Significant  model  frequencies  will  be  estimated  from  analytical 
data  and  frequency  response  test  results.  A sinusoidal  command  at  constant 
amplitude  will  be  applied  to  the  control  surface  until  the  model  response 
reaches  steady  state.  Then,  the  command  will  be  removed  as  it  passes  throuqh 
zero. 


4.2.3. 1 Outboard  Ailerons 

Sinusoidal  excitation  to  the  outboard  aileron  will  be  removed 
abruptly  to  provide  a response  decay  envelope  from  which  the  damping  ratio 
of  the  flutter  mode  can  be  estimated.  Figure  67  shows  a typical  decay  enve- 
lope, assuming  negligible  tunnel  turbulence  effects  on  the  response  and  mode 
frequencies  widely  separated. 
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FIGURE  67.  TYPICAL  DECAY  ENVELOPES 


These  tests  will  be  conducted  with  FMCS  off  and  on  at  Q 
37.91,  45.00,  and  50.00  psf  test  conditions. 


= 27.59,  35.00, 


4. 2. 3. 2 Outboard  Flaperons 


Surface  hinge  moments  will  be  recorded  for  sinusoidal  outboard 
flaperon  excitation  at  resonant  and  antiresonant  frequencies.  These  tests 

nn]Lbe  ™nducted  with  FMCS  off  at  Q = 27.59,  35.00,  37.91  , 45.00,  and 
50.00  psf  test  conditions. 


4.2.4 


Sinusoidal  Gust  Excitation 


These  tests  will  be  conducted  with  slow  frequency  sweeps  from  2-16 
Hz  on  the  gust  vanes.  Gust  vane  amplitudes  will  be  set  to  provide  good  model 
response  without  endangering  the  model.  Data  from  these  tests  will  be  recorded 
in  co-quad  form.  Test  conditions  are  at  Q = 37.91,  45.00,  50.00,  and  52.5  psf. 


4.3 


FMC  System  Variations  and  ^-Effects  Evaluation 


Tests  will  be  conducted  to  determine  effects  of  gain  and  filter  cut- 
off frequency  variations  and  system  saturation  on  the  FMC  system  performance. 
Performance  of  the  FMC  system  will  also  be  evaluated  at  higher  test  fluid 
density. 


4.3.1  FMC  System  Variations 


These  tests  will  be  conducted  with  gain  and  filter  cut-off  frequency 
variations  from  the  nominal  system  made  on  the  analog  computer  mechanization  of 
the  system.  The  variations  are: 


1)  Outboard  aileron  loop  only 
a.  Nominal  gain  (K^) 
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b.  0.5  nominal  gain  (0.5  K^) 


2)  Outboard  flaperon  loop  only 

a.  Nominal  gain  (Kp) 

b.  0.8  nominal  gain  (0.8  Kp) 

3)  Aileron  and  flaperon  loops 

a.  0.5  aileron  loop  nominal  gain  and  0.8  flaperon  loop 
nominal  gain  (0.5  K^  and  0.8  Kp) 

b.  1.5  Ka  and  2.4  Kp 

c.  0.75  x nominal  filter  cut-off  frequency 

d.  1.25  x nominal  filter  cut-off  frequency 

The  FMCS  variations  will  also  include  control  surface  saturation 
effects  on  system  performance.  Only  surface  displacement  saturation  will  be 
implemented  because  a practical  method  for  mechanizing  surface  rate  limits 
is  not  available.  The  displacement  saturation  will  be  mechanized  by  applying 
limits  to  the  FMCS  surface  commands  on  the  analog  computer.  Nominal  FMCS 
gain  and  filter  cut-off  frequencies  will  be  used  for  these  tests.  FMCS 
command  limits  will  be  set  at  approximately  75  percent  lower  than  the  sur- 
face displacement  required  for  normal  FMCS  operation. 

4.3.2  //-Effects  Evaluation 

3 

Wind  tunnel  density  will  be  changed  to  .0080  slug/ft  , which  is 
equivalent  to  .002024  slug/ft^  at  5400  feet  altitude  for  the  airplane  flight 
test.  Frequency  responses  will  be  used  to  determine  critical  mode  damping 
ratio  and  frequency.  These  tests  will  be  conducted  at  the  following  test 
conditions : 

FMCS  off  and  on:  Q = 34.71,  48.00,  54.89,  63.75,  and  70.00  psf. 

Wing  loads  will  be  closely  monitored  for  these  tests,  especially  at  high 
dynamic  pressures. 

5.0  DATA  REDUCTION 

Available  test  data  will  also  include  flutter  mode  control  feed- 
back signals  and  command  signals  on  the  analog  computer  in  addition  to  the 
model  instrumentation  data  listed  in  Section  2.0. 

Data  will  be  recorded  on  magnetic  tape  for  future  off-line  data  re- 
duction. On-line  frequency  response  data  analyses  accomplished  by  NASA  will 
provide  preliminary  test  evaluation  results.  In  addition , strip  chart  recorders 
will  provide  real  urne  data  to  assist  in  preliminary  qualitative  test  evalu- 
tions  and  in  early  identification  of  possible  model  instabilities  or  problems. 


130 


W 


APPENDIX  III 


LEADING  EDGE  SURFACE  FMCS  FEASIBILITY  STUDY 


A brief  study  was  conducted  after  the  wind  tunnel  tests  were  com- 
pleted to  investigate  the  feasibility  of  using  leading  edge  control  surfaces 
in  an  active  flutter  mode  control  system  on  the  B-52  model.  Model  equations 
of  motion  were  revised  for  this  study  to  include  wing  leading  edge  control 
surfaces  of  the  same  size  as  the  outboard  aileron  and  located  streamwise 
directly  forward  of  the  outboard  ailerons.  The  model  equations  were  written 
in  airplane  scale,  and  all  analyses  were  conducted  in  airplane  scale. 

The  study  was  conducted  at  one  condition,  331  psf  dynamic  pressure 
(45  psf  in  model  scale)  at  21,000  feet  altitude.  At  this  condition,  the  sixth 
elastic  mode  was  marginally  stable  with  a damping  ratio  of  only  .00298. 

A root  locus  analysis  was  conducted  using  wing  vertical  accelera- 
tions at  WBL  720,  WBL  822  and  WBL  925  individually  with  the  leading  edge  sur- 
face. The  model  outboard  aileron  actuation  system  transfer  function  was  used 
to  represent  the  leading  edge  surface  actuation  system  dynamic  behavior.  The 
root  locus  analysis  was  conducted  using  the  CCV  FMCS  outboard  aileron  loop 
shaping  filter,  with  sign  reversed  to  produce  negative  feedback.  Figure  68 
shows  the  root  locus  obtained  using  vertical  acceleration  at  WBL  925.  Damping 
of  the  flutter  mode  (sixth  elastic  mode)  is  increased  to  .0120  with  the  shap- 
ing filter  used  with  feedback  gain  of  84.8  deg/g.  A shaping  filter  developed 
specifically  for  the  leading  edge  surface  and  vertical  acceleration  at  WBL  925 
would  provide  even  greater  increase  in  the  flutter  mode  damping. 

Results  of  this  brief  study  show  that  an  FMC  system  using  a wing 
leading  edge  control  surface  is  feasible.  Additional  effort  would  be  required 
to  develop  a practical  system,  using  the  leading  edge  surface  alone  or  in  con- 
junction with  a wing  trailing  edge  surface  such  as  the  CCV  outboard  aileron. 
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Figure  68.  Leading  Edge  Surface  FMCS  Root  Locus 
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